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PREFACE 


'rh(‘ primary motive underlying the preparation of this hook has 
IxMoi the pr(‘sentation of the technology of enameling in a systematic 
mann<‘r, suitahh^ to the needs of both the industrial man and the stu- 
dent. To that end, an attempt has been made to summarize the litera- 
ture, tog(‘(h(*r with the author’s experience, 

Tile term tmamel, as used in this book, refei's to a thin layer of glass 
i’ustMl onto th(‘ surfact' of a metal. Although the terms porcelain enamel 
and ninous enaiuvl art' soTiietimes used, the simpler term was selected 
bt'eause of its hislorieal signiticance. It must not be confused, however, 
vitli th<‘ glossy paints which are sometimes called enamels. 

For many yt'ars ('uameling was shrouded in secrecy, but the appli- 
eation of elumiistry, t)hysics juid engineering has changed that condi- 
tion. 'I’tsdiniral stxdtdit's, especially the American Ceramic Society, 
ha Vo done much toward the development of co-operation and have 
aidt'd giM'atly in the ])ublication of papers on the subject. The forma- 
tion of the Porc(‘lain Enamt'l Institute and its association with the 
Ffdlows of th(‘ Aim'rican Ceramic Society in encouraging the writing 
of this hook ar(‘ evi{hmc(‘ of tin* co-operative spirit which now exists. 

The author wislu's to thank the officers and members of the Por- 
ei'lain Fnanu'l Institut(‘ ami the Fellows of the American Ceramic 
S(Mdety for tlndr support and eneonragemcnt. 

Tile author is further indebted to the members of the technical 
eommitt('(‘s of thes(‘ organizations who so carefully read the manuscript 
ami otfen'd many valuable suggestions. The committee of the Porce- 
lain Enamel Institute consisted of: Mr. J. E. Hansen, Ferro Enamel 
Forporation; Mr. C, d. Kinzic, Titanium Alloy Manufacturing Com- 
pany ; Mr, 15, T. Swc'eley, Chicago Vitreous Enamel Products Company. 
Tin* committee of the Fellows of the American Ceramic Society con- 
sisted nf: Mr. E. P. Postc, Consultant, of Chattanooga, Tennessee; 
Air. H. F. Staley, Metal and Thermit Corporation; Mr. 11. G. Wolfram, 
Ihinudain Enannd Manufacturing Company. 

The author wishes further to thank Professor C. W. Parmelee of 
the Fniversity of Illinois, whose encouragement and aid have been 
invaluable in criticizing the manuscript and correcting the proof. , 

It is impossible for the author to thank all of his friends individu- 
ally for the encouragement and help which they have extended. To 
thesi*, however, he wishes to express his appreciation. 

A. I. Andrews. 


March 11, 1935. 

yjiuvcrHity of lllinoin, llrDaua 
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ENAMELS 


CHAPTER 1 

The History of Enameling 

If we seek the origin of enameling, we must go far back into history, 
for the art of enameling small articles, such as jewelry, began in the 
centuries long before the birth of Christ. In tracing the beginnings 
of this now common art we always become confused, for the footprints 
of the pioneers have long been trodden over, and much of the work has 
been destroyed, damaged, or is in such a condition that it cannot be 
identified. There were enamelers in early times, however, for they 
have left traces which cannot be denied, even by the most conservative 
person. Just who the first w^as, whence he came, or where he worked 
probably never will be known. We know w^here enamels were found 
and we have good reason to believe that they were made near that 
locality, but the chances that they were transported are great, and we 
cannot be sure. We know that these enamels were not made after such 
and such a date in history, but we do not know how long prior to that 
date enameling actually originated. 

It is likely that the Egyptians were the first to make enamels, but 
it is not probable that, for many centuries, they got beyond the thresh- 
old of enameling on metals. In their jewelry they used glass in the 
form of a cloisonne, and from the time of the beginning of the Chris- 
tian era there are many examples of Egyptian enamels on jewelry, 
which treasures can be seen now in the large museums throughout the 
world. Blue and white were the only vitreous colors possessed by the 
Egyptians for a long period of time, the blue itself being faded because 
of the disintegration of the enamel surface. It now appears as a light 
dust blue instead of the dark blue, which is still evident when the 
weathered surface is removed by scraping. 

In early history enamel was called ‘ ‘ electron, ’ ^ which leads to con- 
siderable confusion in reviewing the literature of enameling, for elec- 
tron was used also to designate certain alloys and amber. If the 
word electron actually refers to enamels in Homer writings, then 
we have definite evidence that the art of enameling antedates the siege 
of Troy. Eegardless of this evidence, however, there are examples of 
enamels in most large museums, which date back to the fourth century 
before Christ. These generally take the form of small petals of 
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flowers eriaint^led on jewelry, sonu* ol' whieh are at the prt‘sent. time in 
fairly e'ood eondition. Tiny w<n*(‘ undouhte<lly extnnited by 
smiths, the enanieliiiir itstdf beiiii*’ ermh^ eonipan‘<i willi the artistic 
effect of the metal work. Many of these enamels have iM>mph‘1ely 
disint(y'rat(‘d, whih' otluo's hav<‘ IxM^ome loos<‘ned fi-em the metal and 
liave been lost. 

In the (‘arly days of (‘namt^linLT th(‘ .u’oldsinith and the n'iass blow(n' 
iindonbt(‘dly worked to<^’(hher to <lev(‘lop the many variations atanmn 
plislied. Tli(‘ lit(‘ratur(‘ is vaj^aux howt^vm*, and W(‘ tndy know that the 
art of eiianielinjx was [)raetiee<i, but by whom or just lunv it was done 
wo have but faint. know'hMl^a'. 

Th(i art of enamelin.i»’ bt^a'an to tak(‘ (hdlnite form in tin* eai‘ly part 
(if tin* (diristian (*ra, tiiis bein^* (*a!i(‘d tin* r>\v,anline p(‘i*ioth as tin* 
^•reatest d(W(‘l<)pnu‘nt scMuns to haxa* e(mt(‘r(‘d around !>y/anlinm. The 
enamels developtMl in this period ar<* (‘Iassiti(*( 1 into two u’roups, 
rloisoiinr and vJnim}>lvvv, d(‘peiidin<i’ on th(*ii’ nn'thod of faitrieal ion. 

To un(.l(‘rstand 1h(‘ d(‘v<‘Iopm(‘nt of tin* ai1 of enanieliiy, it is 
iiee(‘ssary to know how llu'si* di{f(*n‘nt types of (‘iiamels weri* madi*. 

The j^'oldsmith was probably ia‘sponsihh‘ for tin* first nn'thod. 
whi<‘h is known as (doisonne. I>(‘inii: a(*(Mistom(*(l to tin* proe(‘ss of 
soldi‘riii<i; small bits of m(‘tal toji:(‘tiier and makijn 4 ’ t*labora1e desij/ns 
witli delieat(* ^'old and sihau* wiia*. In* naturally appli(‘<l his eraft to 
the probh'm of (‘namelinji;. Fiju* wire was lirsi sohlered so as to form 
a border around the desi^’iis In* \vish(*d to (‘nainel. Idle m‘\t step in 
the process was tliat of hilin;^;* tin* ar(*as to he enameh‘d with the 
powdi*r(‘d mat(n‘i;ils, (‘ith(*r in tin* dry eondition or as a sofi paste. 
They wen* pressed tirmly int.o place*, smoothed off, and then plae(‘<l in 
a furnace where the lu'at. nu*it.ed tin* (‘iiann*! to a smooth surfat'e of 
j>‘lass. Often it was lu'cessary to make sev(*ral applications before tin* 
correct thickn(\ss was obtaimnl. This pi(*(*(‘ of m*mh* enamel was then 
^•round down until the }i,’ohl win* app(*ar<*d as a boundary aromnl eaeli 
desip,'u or ditr(*r(*nt color. Tliis jj;'av(* a pleasiii;.*: app{‘aranet* and when 
finally p<)lislu‘,d was a very artistic piect* of work, samples of whi(»h 
are common, yet highly prized. 

When the coppersmith was faced with tin* probh*m of enameling, 
he had his own way of doing things w-hiedi In* applied to tin* work in 
hand. Instead of working with delicate bits of metal, In* was ac- 
customed to work with comparathudy lu'avy stock, so t he m<*thods of 
the goldsmith did not appeal to him. He fourul it mucli more coti- 
venient to carve and gouge out than he did to build up his brohze, 
copper, and other heavy metals. He api)li(>d his enamels as tin* gold- 



THE HISTORY OF ENAMELING 


3 


smith did and fired them in a similar manner. When the enamel 
was opaque, it was not particularly necessary that the metal be smooth, 
but when transparent or translucent enamels were used every irregu- 
larity showed, a fact which was sometimes utilized to obtain special 
effects. By gouging the metal to various thicknesses, it was possible to 
obtain attractive effects, some of which are very artistic. Champleve, 
like cloisonne, is very common, and at later dates we find them inter- 
changed from one metal to another. 

Archaeologists claim to have discovered at Mont Beauvray, the 
home of the ancient Bibcrate, not only the enamel, but also the kiln 
used by the enameler. It is generally agreed that the first real progress 
in the art of enameling took place at Byzantium, now the location of 
what is Istanbul, which was so closely associated with Persia that 
the Persian influence is evident in the design of these enamels. These 
Byzantine enamels seem to have been the stimulus for the spread of 
enameling throughout Europe, during the period following the sixth 
century A. D. Enameling, however, did not reach Britain or Ireland 
until a very late date, the only early enamels in Britain being those 
which were introduced during the Roman Conquest, after which 
enameling in that part of the world died out for many centuries. 

The influence of Byzantine enamels wms widespread throughout 
the continent. Theo.phanie, a Byzantine princess who married Otto II, 
took with her. to western Europe a group of her enamelers from the 
East. This group spread the knowledge of the craft very rapidly, and 
after the sixth century, we find the growth of enameling in every 
direction. Prom the latter part of the ninth to the eleventh century, 
these enamels floTirished exceedingly, and our museums have an abun- 
dance of the work of this period. In the eleventh century, Byzantine 
enamelers were taken to Italy by the Abbot of Monte Cassino, and, 
although there had been enameling in Itah^, this spread the influence 
of the art. 

The art traveled as far as Milan, and in the twelfth century it was 
well established in Germany. Although there are many examples of 
enamels in our museums, dating prior to the sixth century, which are 
traceable to Gaul, Rome, and Britain, the greatest progress was made, 
at a later period, in Cologne, . Treves, Maestricht, and Verdun, a group 
of towns close together. Limoges, Paris, and Toulouse also became 
famous, and in the Middle Ages, Limoges achieved a great reputation. 
This reputation was acquired because of the high quality of the work 
developed. 

The history of enameling in the East is even more difficult to 
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follow than it is in Ein‘()p(‘. TIhmv is, hnw<*vi‘r, litlh‘ UkrliluHni that 
enamelmg was praetietnl in (hiitia prim* to (ho Monp)lian Invasion in 
the thirteenth eentnry. The earliest sptMnniens an‘ ennie ami are 
believed to have been made in tht^ nruidh' of the fourletmtit etaPtiry, 
In the sixteenth century, tuiaineliipi!: fcnuKl its way rnnn (diina to 
Japan, where it was later ({evel()pe<l to a eonsidtu-aljle oxhaU. India 
likewise received its impid.us to enanndin.e: from the \Vt‘st at a!u)ut 
the same time. Tliere is soim^ t‘videnee of enannds ha vine: been made 
in Siberia hetwiam iht^ third and the sixiii ('enturies, and soim^ in- 
v(‘stii>’a1ors h<‘li(‘Vt' that (mam{4inL!: a(*tually tli'st ori.irinated in Idissia, 
and was earried from tluna* to Eityid and then to Knrope. 

Ilavinjt reviewed bricdly tlu^ history of tiu‘ art of miamelimj: to tlH‘ 
dose of tlie tifteenth century, w(‘ are now ready to view th(‘ iu‘w era of 
enauudiiiii,’, when lh(‘ art hecanu' t!i(‘ (manndi!!^’ industry. Prior to this 
period, enamel had been used in the forni of ins<‘ts and jiuvels, similar 
to the use of precious stones and j 3 :ems. TIu^ iuav tu*a was marked by 
the l)e.a'innin^‘ of the practice of applyini*: enamel in tli(‘ form of a 
paint, and llimi ineitiiuj: it otilo 1h(‘ imdal. It is likely that painteth 
on enamels originated in Venice, but exa(tt informal i(m eomau’nine: the 
origin is not available and probably never will Ikx Angelo Id-oviero, 
a glass worker, first discovered the us(^ of tmamel on glass, a lU'oeess 
which he practiced for many years in Murano. The painting of the 
enamel powdeu* onto nudal as a numns of applieation nnh with many 
difficulties, such as poor adherenci^ and <a)vering pow(»r. As the 
process was very useful, it was, however, rapidly p(udk‘eted and mmdi 
of the difficulty was overcome by using miamel on both tht‘ face and 
the back of the metal. This pn^venled the strains from causing the 
enamel to chip otf and also permitted tin* use of thieluu’ eoats and mon* 
applications. The method used in France was that, of a]>plying a dark 
colored enamel to the back of the metal, and a whit(‘ to tlic surfaci* 
it was desired to enamel. Over this white surface pictun»s W(u*e ap- 
plied in (larlo'r colors, similar in design to woodeuts. hat(*r many 
colors were employed, and the enamels b(*gan to show a great varia- 
tion. Flesh color and pink were desired but mo.st difficult to attain. 
The ‘'Miniature Style'' developed o\it of tliis art in the micidb^ of the 
sixteenth ceninry, first being used by Jean Tontin, a goldsmith at 
CliateaiuUin, but later becoming famous through the great skill of the 
miniature painter, -Joan Petitot (1607-1690). 

These painted-on enamels mark the transition betwe<m the use of 
enamels for small pieces only, and the development of the industry, 
which is serving mankind so successfully. 
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Enamels passed through the stages in which they Avere applied 
only to gold, then silver, bronze, and finally copper. The application 
to iron was the next step and it was on this metal that enameling found 
its most important use. The development of enameling had taken 
place very slowly, but the period wdien iron \vas first enameled ivas one 
of great technical advance. The metallurgy of iron and steel was 
progressing rapidly, chemistry was making great strides, and the 
world, both industrially and socially, was undergoing great changes. 
This new age of iron, steam, coal, machinery, and science stimulated 
enameling and it progressed with the others. 

The history of the development of iron enameling is exceedingly 
interesting, as it is so closely related to the advances of the other 
industries. The first iron enameling recorded is that on cast iron in 
the early part of the nineteenth century. The cast iron shapes were 
thoroughly cleaned and heated to redness in a muffle furnace, where- 
upon the hot ware was removed from the furnace and the enamel wms 
dusted (shaken) upon the metal as. a fine, dry powder. As the powder 
struck the hot iron, it softened and adhered to it. After applying the 
enamel, the piece was returned to the furnace and the enamel melted 
down to a smooth glass, and then removed from the furnace and 
allowed to cool. This method involved a ground coat or first coat 
of different composition from the cover or finish coat of enamel. In 
fact, it was usually necessary to make a number of applications of 
enamel, heating before each separate coat, to obtain a layer thick 
enough to give the desired effect. The enamel had to be easily fusible, 
and the operations were very expensive. The muffle furnaces were very 
inefficient, and many pieces were damaged because of the fuel gases, 
which turned the enamels black or caused them to blister. Although 
many difficulties were encountered, this method has, with many modi- 
fications and improvements, survived time, and is at the present 
being used for enameling great quantities of our modern wmre. It is 
particularly suitable to the enameling of large cast iron pieces such as 
sanitary wmre and barber chairs. 

Enamel was first applied commercially to sheet iron and steel in 
Austria and Germany in the period closely following 1850. Experi- 
ments on sheet steel enameling date back to 1840, the development 
period including such names as Bartelmus, Gniichtel, Thale, Ulrich, 
K^ei^m§ni^_G,ebk^^ in later years, after 1865, Haardt, 

Wuppermann, Amberg, and Baumann. This Austrian and German 
enamel was first applied only on the interior of the sheet steel vessels 
to be enameled. In firing the ware, it was introduced in a cooler 



of tlH‘ riirii;K*(‘ ; th(‘n by in(‘iins of loiiu's il wns 
to tlu‘ ar(‘as. Wlion Iht^ lirinii* was liiiislu'ti, tin* won* 

r(anov(*(l from [Ik* fiiriau'.t*, ('t)oI(‘<I, an<l tia* {‘xloriors \\or(* [>aintiM{ with 
<Mii ordinary blaok ])aint. 

l\rori1z \h)<>‘oIsan‘r, of \'i(‘W(m* in UraunstdiWi'iy. [Miblishod tla^ (irst 
manual on (*uani(*liri^- in ISdl. In this pajx'r In* dt*s(*riiit*d tin* pr«uM‘ss 
and tlu* mat(‘ria]s iisod. .Aitliou,u-h now oi)Soh‘to, it shows that tin* 
onanKyiinj’' industry was att.raotin.t*- tin* host (*iH*mists of tin* tiim* and 
that it was b(‘in,u' d(‘vt*lo|)(‘d a<'<'ordin‘‘* to tin* host knowh‘d‘r«‘ of tin* 
day. 

Oin* of llm most important ol)sla(*h‘s to rapid advaiUM* in (‘nani(*rni‘jr 
in this poriod w'as tin* la(*k of <»‘ond, j)ur(‘, and (*ln*ap I'aw materials. 
Tlu* toohnolo^'v of iron was not. d<‘volop(*d ami tin* many (*homi(*al 
industri<‘s furnishing* tin* raw mat«*rials for tin* enamels werr in tin* 
process of dev(*Io|)ment. 

Witli tin* discovcnw of tlu^ Ij(^ Ulanc. ami tin* Solvay soda pr«n*(*sses, 
by w’hi(*h cln*ap and <.»'ood soda was put on the mai’ket, (‘uameliim’ r<*- 
C(*iv(‘d (juite a boon, ddn* d(*v(‘lopnn‘nt of tin* improv(‘d methods f)f 
manufacturing’ bora.\' and tin* disc.ovt*ry of new d(*posits of raw ma- 
terials aid(*d tin* enauu*l('r. Ihi ISbO, tin* s(*ieirt itie invt‘st iu’at ion of tin* 
Stassfurt d(‘posits had a })ronoun(M*d (‘ff(‘ct, simn* it also low«*red tin* 
cost of many mat (‘rials and imnh* lu'w {m<*s awi liable. 

In early (*nam(‘rmj.>’, (*-opp(*r. smalt, and zalTers weia* the (‘Nelusive 
soui’ces of eolorins^’ mat(n’ials prodindm^' him*, but tln*se mat(*rials 
vari(‘d so in composition that no uniformity in tin* color of tin* (*nann‘l 
could Ixmittaimnl. Tin* Haxon I>Iu(^ (tolor Works disco\a*r(‘d a nn*1hod 
of making- cobalt oxide from tin* silicat(*, a pro<luet whieh was very 
pure and could lx* us(id to gave* a uniform l>lm* <*olor. ()tln*r (mlor 
oxid(‘s and mat<*rials wcu’e slowly add(*d to tin* pah*1te of the t‘nann*h*r 
and tln^ use of tin oxid(i as a whit(‘ opaeddit*!- was introdm*«*d. 

Probal)ly one of the g’r(‘at(‘st boons to tin* t‘naun*ling industry was 
the discovery of tlie use of (day to k<*(^p tin* powd(‘r<‘d (*iiamel in sus- 
pemsion in water and make it adhen* to tin* nn‘tal iH‘ror«‘ bring. 
This suspension of (*namel and clay in wat(‘r was calh*d a slip, and was 
paint(*d or poured on the metal, dried, and tln‘n fin*d in a furiuun*. At 
a much later dat(*, the spray gun was d(*V(‘lop(*d, greatly fatdlitafing 
the uniform application, especially on large pie(*.(*s of waian 

The use of enamel slips became known ns the w(*t pro<n*ss, and the 
powdering-on as the dry process. Both are in use at tin* pr(*s(*nt linnn 
the dry process being employed almost cxclusivtdy for cast iron, while 
the wet process is used both for east iron and shecd, iron or steel ware. 
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As the new methods of making iron, the Bessemer, Thomas, Gil- 
christ, and Siemens-Martin processes Avere developed, new problems 
confronted the enameler. One of his raw materials, the iron on which 
he fired his enamel, was being changed and his former enamel com- 
positions would no longer fit the new metal. The properties of the 
new iron were dilferent, and a general readjustment was necessary. 
To correct the new difficulties, much experimentation was carried on 
.,by engineers, chemists, ceramists, and enamelers all over the world. 
The methods of shaping the new metal were soon developed but it 
remained for the German and Austrian enamelers first to enamel the 
new iron successfully. It was necessary to develop new formulae and 
use entirely different enamels for the new processes. In this work 
materials, such as lead and other poisonous oxides, were largely elimi- 
nated, and the new industry flourished. Science all over the world 
began to aid the enameler and the old empirical methods were gradu- 
ally displaced. Up to the present era, however, some of the plants 
have' held to the old methods, but advances have been rapid and the 
importance of formulae is gradually being replaced by a better appre- 
ciation and knowledge of scientific principles. 

■ The greatest advances, however, have taken place since the begin- 
ning of the twentieth century, when enameling progressed rapidly in 
America:-) The first few years of this century showed an increase from 
a few small plants to thirty-five or forty in the United States and 
Canada. The plants grew rapidly in size and number, some employ- 
ing as many as one thousand persons in 1910. In 1925 the product 
output amounted to six hundred and seventy-five million dollars. Such 
an increase naturally attracted not only capital but also the best 
ceramists, chemists, and engineers of the country. The chemical in- 
dustry began to appreciate the market the enameler offered, and 
catered to his requirements. The steel industry made great strides in 
the development of better enameling irons. From the last years of 
the World War until 1930, the industry boomed. 

The old type of agate or granite enamel no longer met the demand, 
and new developments in formulae and processes were made. The 
technique of sand blasting, cleaning, pickling, application, and firing 
was greatly improved. The continuous enameling furnace, automatic 
‘ control, continuous conveyors, and mass production resulted from the 
increased demand. The amount of scrap and defective ware was 
greatly reduced, although the specifications for quality were made 
more severe. 

Enamel frit manufacturing companies were organized, furnishing 
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uniform frit to many cnamelers who had laboriously and 
tried to mak(' their own, ^Phe old nde-cd’-t Inunb pcu’iod was ovtu*, ami 
those who tried to stay witli their code of st‘<»ret formulae soon dis- 
covered that they were bein.sr hd‘t behind. The intereham^e of ideas 
became imperative, and the literatim^ showc^d Ilu‘ (‘ffeel. Tlu‘ Aimnvi- 
can Ceramic Society cneoura<Jced the enameler to pul)lish his tindiinj^s 
and soon many publications on vitn^ous tmaimds wen* appt^arino: in 
the literature. At the present time there an* sevtu-al tradt* papers de- 
voted exclusively to vitreous enamelin<j:. Tin* rt‘sult has btam icreater 
co-()])erat ion and Ix'tter (*ondi1ions throughout the industi'\*, 'Phe pu!)- 
lications of the <>‘ov(*rinm*ut hun^aus and tin* universities have ad(h*d 
a great deal to our knowledge. The Porcelain Enamel Institute has 
made great strides in promoting the use of enam{*ls and in organizing 
the enamel industry. 

Probably one of the most important ehang(*s taking phnu* in the 
industi'y is the appreciation of the exact knowh*dge of chemistry, 
physics, and engineering. The appreciation of research ami dt*velop- 
ment work in the yt*ars sin(*(‘ the World Wai* has raised the t*mimeler 
from the position of tlu*. rnle-or-thumb man to om* who knows his 
business. The industry today is not dormant^ but. is a(*tiv(‘Iy growing 
and improving through all the phases of stuenct*, industry, and eco- 
nomics. It is one of the important indnstri<*s contributing to modern 
civilization and the present mode of living. During 1988 atid 19:U 
it has again demonstrated its worth by organizing to a rapid recovery 
from the world’s worst depression. The enameling industry now looks 
forward to even greater expansion. 
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CHAPTER 2 

Raw Materials for Enamels 

A familiarity with tho ])hysit*al and Ihc clunuit'al propter! it‘s, ilu^ im- 
purities, and the sources of the raw nialm’ials iis(‘<l in enamels, is one 
of the enamel maker \s ^n^atest assets. Tinsst^ raw mat (‘rials an^ drawn 
from all parts of the world and include miiu'rals, ro(*ks, and (‘lays, as 
well as a great variety of chemieals matudknd ur(‘d, (‘it Inn* as prnduets or 
by-products of the chemical industries. 

In the making of enamels it is generally n(‘e,(‘ssary to us(‘ high 
grade materials, the physical condition oftini l)(‘ing (‘(jually as im- 
portant as the chemical composition. In an <‘flici(‘nt (‘ontnd of the 
raw materials for enamels, it is, theiad'onn oftini n(‘('(‘ssary not oidy to 
guard the purity, but also the fineness, mirnn'al (R)m[)osition, nudhod 
of manufacture, grain .shap(‘, distribution of fim's, and many ollnn' 
conditions. 

These different materials enter the (nianud eoinjmsit ion <nt!n‘r in 
the raw batch or in the mill additions. Tlu^ raw hatch (*onstitutt‘s th(‘ 
greater bulk of the enamel, its constitiu‘nis lK‘ing undttsl to a glass 
and then quenched to a frit in watin*. To this frit tin* mill additions 
are*tlien made and the whole mass is ground in hall mills to tin* proper 
fineness. The mill additions, exclusive of tlu* wattna s(‘ldom (‘X(*(aMi 
fifteen per cent of the frit and in some cas(‘s, as in dry pro(‘(‘ss i*ast 
iron enamels, may h(‘ entirely omitt(*d. Tin* mill additiotis (*onsist 
of water, clay, opacificrs, gum, colors, and (‘h‘etnilyt(‘s, whiidi an* 
discussed in (-hapter 9, nmhu* the tith*, aMIII Additions. 

The raw materials used in enannds may la* dividcMi into six dilTtu*- 
ent groups, namely, refractories, flux<‘s, opaci(i(‘rs, (*olors, fioating 
agents, and electrolytes. 

The refractories inclinh^ such materials as (piart/., feldspar, and 
clay, which contribute to the acidic part of the melt and giv(» body to 
the glass. 

The flux(^s include such mattndals as borax, soda ash, cryolitt*, and 
fluorspar, which are basic in character and nuict with tht» a(ddic refrac- 
tories to form the glass. Th(‘y tend to lower the fusion lempt^rat tires of 
the glasses but; if added in excess, they form slags. 

The opacifiers are compoumls added to the glass to give it the white 
opaque appearance so characteristic of vitreous enamels* Opacifiens 
are in general quite refractory, but the real opacdflers (tin oxide, 
antimony oxide, sodium antiinonate, and j^irconium oxide) are often 
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aided by accessory opacifiers, such as cryolite and fluorspar, which 
make the enamel much more fusible. 

The color materials may be oxides, elements, salts, or frits, and 
may act either as refractories or fluxes. The color contributed to an 
enamel may be influenced by the enamel composition and the process- 
ing. 

The floating agents are mill additions such as clay and gums which 
are used to suspend the enamel in water or in some other liquid. 
Many different varieties of clay are used, but a plastic clay quite 
free from impurities is required. Such gums as tragacanth and 
arabic are often used for enamels where brushing is desired. To 
defloceulate the clay and properly suspend the enamel, electrolytes are 
added. These are such compounds as borax, soda ash, magnesium sul- 
phate, and magnesium carbonate, which, when added in very small 
amounts, aid the clay in keeping the enamel in suspension. They often 
form buffer solutions, and, thereby, control the hydrogen ion concentra- 
tion of the slip. Some electrolytes, however, are specific in their action. 

The following is a classification of the more common enamel 
materials : 

Classification of Enamel Materials 

Electrolytes 
Borax 
Soda ash 

Magnesium carbonate 
Magnesium sulphate 

Colors 

Cobalt oxide 
Copper oxide 
Iron oxide 
Nickel oxide 

0 pacifiers 
Tin oxide 
Antimony oxide 
Zirconium oxide 
Sodium antimonate 

Since an adequate discussion of the raw materials entering enamel 
compositions would be very extensive, and might well be given in a 
book on that subject alone, no attempt will be made here to cover the 
subject. The information on raw materials is available in many 
places, but to give the enameler a ready reference to the fundamental 
characteristics of these materials, these data have been compiled in 
Table 1. 


Fluxes 
Borax 
Soda ash 
Soda nitre 
Fluorspar 
Cryolite 
Whiting 

Barium carbonate 
Magnesium carbonate 
Litharge 
Red lead 
Zinc oxide 


.Refractories 
Quartz 
Feldspar 
Clay • 

Rutile 

Floating Agents 
Clay 

Gum tragacanth 
Gum arable 
Ammonium alginate 
Bentonite 
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This table includes exact data eoneeniino* eatdi of thv ruinwA raw 
materials and will answer most of the (|ut‘stiofis with which the 
enameler will be confronted. A familiarity with tlu^se tabh‘s will 
greafly facilitate the compounding* of (mamels. 

The functions of the raw materials, both in the frit ami in tht^ mill 
additions, will be discussed in detail with refenmee to tin* particular 
enamel compositions, throii^hont the t(‘Xt. 

Dehydrated Borax* l)ehydrat(‘d ))orax (Na..Hd^.;i has re(‘ently 
become available in quantities suflieitmt for use in enaimd manidms 
ture. The principal advantag’es of dehydrated borax are the reduction 
in the amount of material wliich rmist lx* handled, stored, and shipped, 
and the fuel saving realized in smelt injjj. The ht‘at used to dehytlrate 
the borax in the ordinary batch is an apprtTiabh^ factor which is 
saved when dehydrated borax is us(h1. If adopte<l and sulistituted in 
present enamels, the appearances of the Imteh e(unposit ions will be 
changed since the borax content will he redmaxl to om^dmlf of that 
used as the ordinary decahydrate To eonvert the 

ordinary hydrated borax to the dehydrated borax multiply by 52.8 
and divide by 100. 

The calculation factors for changing the iiehydrated borax to 
melted composition are : NaA) — ().‘U)8, BJb. 0.()h2. Tin* tnolecular 
weight is 201.3, the density is 2.36, and the winght in pounds p<‘r cubic 
foot is 63 to 82. It is white in color, soliiblt* in water, and has a melting 
point of .741® C. Results of tests in eommereial tuuumd smelters 
indicate that the dehydrated borax fumdioiis the same as tlu* hydrated 
borax wuth much less frothing and boiling. 
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CHAPTER 3 

Fundamental Considerations 

The chemistry and physics of high temperature phenomena are 
not as well known as those at normal temperatures, but the funda- 
mental laws of these sciences apply, regardless of the temperature. 
Reactions at elevated temperatures are much accelerated because of the 
increased molecular activity, and in some cases these reactions are 
reversed or caused to proceed in different directions. Compounds 
which are stable at ordinary temperatures may become unstable and 
decompose at elevated temperatures. Other compounds may become 
more stable, some will melt, some boil, some sublime ; the changes being 
from solid to liquid to vapor. 

All materials have vapor pressures, some so small that they cannot 
be measured and others so high that they change from solid or liquid 
to vapors quite rapidly. If it were not for the atmospheric pressure, 
many more of our materials would exist only in the gaseous state. 
Boiling is the phenomenon which takes ‘place when the vapor pressure 
of the liquid just exceeds the atmospheric pressure. The vapor 
pressure of a material usually increases with an increase in tempera- 
ture, therefore by increasing the temperature of a liquid, the boiling 
point is approached. The vapor pressure of water, for example, 
increases as the temperature is increased to 100 degrees Centigrade 
(212 degrees Fahrenheit) where it equals the atmospheric pressure 
at sea level. If the atmospheric pressure is reduced, water will boil at 
lower temperatures than this, since the vapor pressure of the water 
will exceed the reduced atmospheric pressure at a much lower tempera- 
ture, a condition which is often used in drying materials that decom- 
pose at a temperature of 100 degrees Centigrade or below. 

Although water at low temperatures does not have a vapor pressure 
equal to atmospheric pressure, it does have a measurable vapor pres- 
sure, which causes the water to evaporate until it either develops a 
pressure over it equal to its vapor pressure, or until the water com- 
pletely evaporates. Solid water (ice) has a vapor pressure and in the 
open air it evaporates, even though it is kept at a temperature below 
freezing. This is evidenced by the disappearance of snow in the winter, 
when the temperature remains below freezing. 

What is true of water in this respect is also true of other materials, 
but the values of the vapor pressures vary. Some materials sublime 
(arsenic oxide, for example). Sublimation is possible in the atmos- 
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pliere, when the vapor pressure (‘Xt'tnuls tlie at inospiierie prt^ssure 
below the melting temperature of tin* material. \>y rtMiuetion uf the 
atmospheric pressure many materials, \v}ii<*h would ordinarily be 
melted under standard atmospheric eomlitions. (*an ix* sublimed. 

Although considerations of vapor pressures uvo not common in 
the enameling industry, they nvo importanf ; for many of th(v non- 
stituents of an enamel have apprceial)h‘ vapor [)^^ssu^es at the smoitinp; 
and firing temperatures. In soim^ eases, wlH»re {‘sptsdally dm* enamels 
of high opacity arc desired, tlu^ nudts art* math* in t'ovt‘rt‘d t*rut*ibl(*s. 
The author has verified this by {*xp(‘rimt‘uts with et^rtain jt‘welry 
enamels, it being impossible to g(*t as good opat‘ily in high lliiorine 
melts exposed to the atmosphen* as thost* madt* in tdostui (‘rutdhh's. In 
glazing, this is common knowledge, espt'eialiy in tin* tiring of l{‘atl- 
bearing glazes and in the firing of ctudain <‘olors. In firing h^atl glazes 
the ware is placed in closed saggers (<*lay boxt‘s), whit‘h an* eoatecl 
inside with a slip containing a. high p(‘re(*ntag<‘ <d’ lead oxith*. This 
lead oxide slip saturates the atmosph(*r(* within tin* saggt‘r with lead 
vapors, which reduce the vaporization of tin* h‘a<i from tin* glazt*. If 
this is not done, the glazes are dull, lacking tin* gloss which should be 
contributed to them by their lead cont(‘ut. Tin* vaporization of the 
lead in the glaze is reduced, at a giv(‘n t<‘mp<*rat ure, hy putting it 
under an atmospheric pressure of l(‘a<14)(‘ariug gases. In the tiring of 
colored glazes it is a well-known fact that many of i he i*olor oxides, such 
as copper and chromium oxides, vaporizi* during tin* tiring and may 
contaminate adjacent glazed ware w'ith color. 

Compounds and elements gemn-ally h(*comi* more aetivo as they 
change from solids to liquids to vapors. Holids do not commonly react 
chemically with each other, except at vmy slow rates. The constituents 
of an enamel hatch are vexy im‘rt until heated to a t<*niperature at 
which at least one of them melts, and forms a liquitl phas<‘. 

As soon as the melt forms, the r(*aetion begins. If one wish(*s to 
promote a reaction between two solid materials which are v(‘ry inert 
they can often be caused to react ri'adily by nn‘lting. Mnhilt* melts in 
general are subject to much more rapid reactions than viscous melts, 
as evidenced by the ease of crystallization from the fonm*!* amt the 
difficulty of crystallization from the latter. In ttie Iluid melts the 
molecules are freer to move about, and a combination is much more 
likely, than in viscous melts. Any enamcler is familiar with the ease 
of getting a good uniform frit when the molt is mobile, and with the 
difficulties encountered when the melt is viscous, (hiHcs disHoIvcul in tte 
melt make it more fluid, a fact which must be considered in smeltiili^ 
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If a batch is smelted too rapidly, the g-ases are evolved from the batch 
before they have accomplished their function of aiding the chemical 
reaction. 

Solubilities usually become greater as the temperature increases. 
Solubility is a very important consideration in enamels, for an enamel 
is essentially a super-cooled solution. The first material melting during 
the smelting process proceeds to take the other constituents into solu- 
tion in it. Many of the materials used in enamels have melting points 
well above the smelting temperature of any enamels. These materials 
are dissolved by the more fusible constituents. The solution is often 
accompanied by decomposition with the evolution of gases, which are 
partially, at least, dissolved in the melt. The evolution of these gases 
agitates the melt and, therefore, brings about a better condition for 
further solution and reaction of the various constituents. 

Many materials go through inversions from one crystalline form to 
another at definite temperatures without any change in chemical com- 
position. Quartz, one of the most common enamel materials, undergoes 
many such changes, as indicated by the diagram, Figure 1. Some of 
these inversions, such as that fx*om low quartz to high quartz (573° C) 
are very rapid, while others are very slow and sluggish, such as the 
inversion from high quartz to upper high tridymite (870° C). It is 
possible to have unstable forms existing for long periods of time, but a 
stable form at a particular temperature never inverts to an unstable 
form. Fluxes aid these inversions, since they furnish a liquid phase, 
through which solution and crystallization can take place. If an 
unstable form is soluble in the flux or melt, it will dissolve and 
crystallize out in a more stable form. If the unstable form is much 
more soluble in the flux than the stable form, the inversion is very much 
accelerated. In enamels, many fluxes are present and the solution of 
the quartz, tridymite, crystobalite, or vitreous silica is practically 
complete. It is claimed that vitreous silica is in general much more 
soluble in melts than the crystalline modifications of silica. At tem- 
peratures of an enamel melt, this vitreous silica is an unstable form, 
therefore its higher solubility is to be expected. Fused silica (silica 
glass) is becoming more common on the market, but is yet relatively 
expensive. The unstable form of a material, at a given temperature, 
always has a higher vapor pressure, than the stable form, which is 
another aid to the inversion through the vapor phase. 

At high temperatures all the conditions of the solid, liquid,, and 
gaseous phases, such as solutions, colloids, and' suspensoids in general, 
are possible. There may be solutions of gases in solids or liquids, of 
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liquids in solids, and of solids in liquids. Inuni.sciblc nioltcui li(iuid.s, 
suspensoids of solids in molten inaf>:nias, and solid solutions are 
encountered. 

The colloids are similar to those fonuing at low Icnipfraturcs and 
are, therefore, subject to the effects of electrolytes. The (lisjau-sion of 



EiamtK 1. Stability Relations of the Silica Miaorala. 

the opacifier in some glasses is very good, probably caused at least in 
part by the charge on the particles.' In most glasses the opacifiers tend 
to aggregate and in extreme eases two liquids are formed. In some 
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enamels the fluorine compounds act to disperse pie opacifier, as is the 
case of tin oxide and calcium fluoride in certain dry process cast iron 
enamels. If the fluorspar is left out of the composition, the tin oxide 
tends to aggregate, but, if the fluorspar is present, the tin oxide is 
uniformly dispersed and a good quality of opacity is obtained. 

Immiscible liquids are not uncommon in vitreous enamels. Sul- 
phate melts do not mix with enamel melts but float on the surface of 
the molten enamel. An emulsion does not form and a separation is not 
difficult, since the sulphate melt is much more mobile and has a lower 
specific gravity than the enamel melt. In pouring the enamel, the 
sulphate melt flows off first and, if quenched in water, a violent 
explosion results, caused by the avidity of these anhydrous sulphates 
for water and the heat of reaction forming steam. Instances have been 
known where sulphates have been accidentally incorporated in enamel 
batches and serious explosions occurred. Any sulphur gases in the 
atmosphere over an enamel melt react with the melt to form alkali or 
alkali earth sulphates. The author has made melts in atmospheres 
with high percentages of sulphur and has found an appreciable amount 
of molten sulphates in the resulting enamel. 

Some opacifiers, such as antimony oxide, are very refractory and, 
when they do not dissolve in the enamel melt, they are present as finely 
divided solid particles suspended in the molten enamel. Here we have 
a colloid and on solidification of the enamel the colloidal condition 
remains, giving, because of the multiple refraction of light, an opaque 
enamel. 

Enamels are to be classed, in general, as solutions, whether they are 
solids or liquids. An enamel is essentially a super-cooled solution, 
holding certain materials in suspension. 

It is interesting and instructive to note how close the reactions of 
different materials at high temperatures compare with the reactions 
at low temperatures. Many salts and some bases and acids preserve 
their identitj^ and characteristic chemical properties when heated to 
smelting temperatures, even though dehydration may occur and 
certain gases be driven off. The periodic arrangement of the elements 
is just as useful at high temperatures as it is at low temperatures. It is 
interesting that the elements, cobalt and nickel, which give to a sheet 
iron ground coat its great adherence to iron, occur together with iron 
in the periodic table. Potassium and sodium, which are almost inter- 
changeable in some enamels, occur together. Aluminum occurs between 
the bases and silicon, the same position as it holds in enamels. Mag- 
nesium, calcium, strontium, and barium occur in the same group near 
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sodium and potassium, and they react similarly in an (‘nam(‘I. Tin, 
antimony, and zirconium are closely associated in the tal)I(\ and in 
enamels they are a§:ain grouped together as opaeifi(‘rs. In this way it 
is possible to point out many characteristics which inak(‘ a familiarity 
with the periodic table a great aid to the enamel chemist. Although it 
is recognized that there are some irregularities in tin* })eri()die tai)l(\ it 
is recommended that it be kept in mind as it giv(‘s a syst(unati(* ba<‘k- 
ground for thought. 

Eesearch at high temperatures is more (lifticult and r(‘(juir(‘s h(‘tt(‘r 
control and technique than at lower temperatures, but it can utilize 
similar methods and predictions from a knowledgi* of elKmiieal rea(*~ 
tions at normal temperatures. A great deal of work has aln^ady Ikhui 
done on high temperature reactions, but because of tlu* dirti(uilt ies 
encountered, the available information is far from being as complete 
as that for lower temperature chemistry. 

To understand the discussion of this information, it is m‘cessary 
to know the meanings of the terms used, and tb(‘ methods of jdotting 
the data and interpreting the diagrams. The relations of the pliast^s of 
the materials are plotted, considering sneh variabl<‘s as eoinposit ion, 
temperature, and pressure. Most of the systmns to dealt with in 
enamels involve only composition and t(‘mp(‘ratur<‘, tlx* otln*r variald(‘s 
being neglected, since their effects ar(‘ g(‘n(U’ally of relativ(dy minor 
importance. The materials plotted are terrmxl com ponrufs, A system 
contains one component if its composition can always b<* expn^ssed in 
terms of one component. The silica syst(un is a one-(*omi)oncnt system, 
for the composition of any of its forms can b<‘ r<‘pn‘s<uit(‘d as silica 
(SiOo). A two-component system is a system in whi(di tlie (*omposifion 
of any part of the system can be represented in terms of the two i»om- 
ponents. Thus, the alumina-silica system, Figur(‘ 7, is a t wowompoiumt 
system of alumina and silica, since any eompoumls r<u*mt‘d, or any 
part of the system, can be represented in terms of alumina and silica. 
The system NH^OH -HCT is not a t wo-compommt systtun, sim*i‘ in the 
reaction of these two components, NII^Cl and ILO ar(‘ fornuxi, mnther 
of which can be represented in terms of NII^OII and H(1. Thesc^ new 
compounds NH 4 CI and ILO are not additive eompotinds of XILOII 
and HCl; therefore they act as new components, making the system 
a four-component system. Three-component systems can he repre- 
sented in terms of not less than three components, four-eoinponent 
systems in terms of not less than four components, and so on. 

The components of a system may form additive compounds and 
exist as solids, liquids, or gases. These forms are called A 
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phase may be defined as any portion of a system which is homogeneous 
throughout and mechanically separable from the other parts of the 
system. , 

The degree of freedom of a system is the number of variables 
(temperature, pressure, composition, etc.) which must be fixed to 
define a system. The degree of freedom can be determined by use of 
the Phase Rule which is mathematically stated as follows : 

F == C — P + 2 

where F = the degree of freedom, C = the number of components, 
and P == the number of phases. 

The diagrams, in general, represent equilibrium conditions, that 
is, conditions attained if time is unlimited. In plant practice such 
conditions are not always reached, and sometimes the unstable condi- 
tion is also plotted for convenience. A system is in equilibrium, under 
set conditions, when it undergoes no change with the passage of time; 
provided, also, that the system has the same properties when the same 
conditions are obtained by two different procedures. Water, for 
example, may be carefully cooled below the freezing point, but in this 
condition it is unstable and a slight disturbance will cause it to crystal- 
lize as ice. Water in this condition is not in equilibrium, because the 
same condition could not be obtained by heating ice to a temperature 
just below zero. 

Since an enamel is essentially a glass, much of the information 
available from glass research is applicable to enamels. The physical 
chemistry of glass has been extensively studied, yet this work is far 
from complete and it will be years before a sound understanding of 
the relations betw^een composition, properties, and processing will be 
attained. Much of the fundamental research has been carried out on 
so-called simple systems, those more complicated having thus far 
^delded only information of a more or less specific nature. A vitreous 
enamel in its simplest form is a complicated glass; since the ordinary 
three and four component glasses do not make good enamels. The 
study of the relations of the oxides to each other in simple systems, 
however, does throw considerable light on the chemistry and physics 
of all glasses and enamels. 

EQUILIBRIUM DIAGRAMS 

The use of equilibrium diagrams is a great aid to the interpretation 
of the data obtained in the chemistry and physics of high temperatures. 
The diagrams of one, two, and three component systems are very useful, 
but the systems of more components are increasingly difficult to plot. 
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The diagram of a one-component system has aln^ady htM^n men- 
tioned as shown in Figure 1, for silica. These systems ar(‘ all n4atively 
simple, as the chemical composition always x'cuiains lh(‘ saim*, th<‘ ]>has(‘s 
being physical modifications such as solids, licpiids, ami gas. i\Iany 
substances have a number of solid modifications, as is illustrated with 
silica. Each of these modifications has its own rang(‘ of t(unp(‘rat ure 
and pressure conditions. Any phase may occur in (M}uilil)rinm with any 
other phase which has a common boundary line on th(‘ diagram. If, 
for example, a solid phase has a common boundary lint* with a litiuid 
phase, one can be converted directly into the othtu*. If nu t'ornmon 
boundary line exists between two phases, however, tlu^n such a <*hange 
cannot take place under equilibrium condition. For (‘xamph*, low 
quartz inverts into high quartz and vice versa, but low tpiart/. (*annot 
invert to cristobalite without first being converted into high tjuartz. 

The two-component systems are usually plotted as composition 
and temperature diagrams. The horizontal axis is us(mI for th<* <*otnt)o- 
sition and the vertical axis for the temperatures. The diagrams shown 
in Figure 2 give the more common types of two-eompom‘nt syste^ms. 

Figure 2a shows a typical system, in which two e()mpom‘nts A and 
B mixed together melt at lower temperatures than the* ])un‘ matt*rials. 
The lowest melting mixture E is called the entref ir,^ Idu* aiM^as are* 
labeled in the diagrams to show the phaseis which are in equilibrium 
under the existing conditions. 

If a melt of composition X is cooled, crystals of A eome out of 
solution at the temperature P, and the eom])osition of tin* melt follows 
the curve from P to E. When the temperature reaches R, tin* rt*main- 
ing melt has the composition E, which crystallizc's as tlie tmteetie. 

Figure 2b shows a typical isomorphous system of two <*ompon(mts 
A and B. These two components crystallize together* in various com- 
binations. The upper curve L is the liqtndiis curv(‘, and the Iowt‘r curve 
S is the solidus curve. On cooling a composition X, tlu* melt cools to the 
liquidus curve, and then the solid of a comi)osition on the solidus cmrve 
corresponding to the temperature where X meets the li(pu(lus (uirve, 
solidifies out. As the temperature is further lowered, the eom|'>osition 
of the melt moves to the left along the liquidus curve, and likewise the 
composition of the solid formed moves to the left along the solidus 
curve until it reaches the composition of X, when the whole mass has 
become solid. 

^ A eutectic is the lowest melting: mixture of two or more material*. Tlw rntmle twipor* 
ature is the melting ^flanperatnre of the eutectic mixture. 
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Figure 2. Two -Component, Composition-Temperature Equilibrium 
Diagrams and Typical Cooling Curves from which the Diagrams are De- 
rived. 
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Figure 2c shows a condition of ivroiujruriif Dulfnujr 1h«‘ i'onipoinul 
AB decomposing into compound B and a nndt .M at Ilu‘ Y. 

The cooling of a melt and the reformation of the eonipoiind Ah^ is 
called resorption. This system has a eidectie b<*t\ve<‘n the <'om{)oim(ls 
AB and A^ but no eutectic between A and B, or B and Ali. 

Figure 2d shows the equilibrium relations of two innniseible 
liquids plotted on a two-component diagram. As nu‘lt X cools through 
temperature R, it breaks up into two iminiscibh^ rnpruls. At t(*nipera- 
ture S the two liquids have compositions ]\I and N. At ttunperat urt‘ T 
the liquids again become miscibl<‘, and crystals of A Ix^gin to form pro- 
gressively 'Until temperature U is reached. At timqnu’at nre T the 
eutectic forms. 

The time-temperature cooling curves for compositions X, V, and Z 
in the diagrams a, b, c, and d of Figure 2, <\vo as shown respect ivt^ly in 
the corresponding diagrams a', b^ e^, and d'. 

These latter diagrams show the rate of cooling, tiunpcraturcs ])eing 
plotted on the vertical axis and times on th(‘ hori/.ontal axis. When a 
melt is cooled, it does so at a fairly constant rate until crystallizat ion 
begins, which because of the exotluuunic (dfect slows the rat(‘ of 
cooling, as shown by the change in the slope of th<‘ curvt*. If the Ii(pud 
crystallizes as a compound or a eutectic, the cooling may he cnmphdely 
arrested until solidihcation is com})lctc. Wlicn^ver tlu‘ (duingt^ dot‘s not 
involve a gradual change in the composition of tin* jiielt, 1h<‘ t<unpera- 
ture does not decrease further (the reaction Ixung (‘xothermic) until 
solidification is complete. Such conditions (‘xist at tin* imdting Bunpcr- 
ature of a compound, at the incongrmuit m(‘lting t(mip»‘rat ure, and at 
the eutectic temperature. In o])serving th(‘ curv<*s a', h\ c', ami d' of 
Figure 2, it will be noted that at all tcmpjM-at ur(‘s wlnu^e jhe melt 
reaches these conditions the time-rate eooling curve is eomph^tely 
arrested, and appears as a horizontal line until tinu^ suiH(*ient for the 
change to take place has elapsed. WJiere cooling doi^s tml stop, hut only 
decreases in rate, crystallization is taking placc^ I)rogri‘ssive}y wlul(‘ the 
melt cools through the liquid-solid area. Thus in curvt‘ X of Figure 
2a', the melt X cools at a uniform rate to tiunpt'ratun* \\ where it 
encounters the liquidus curve. It then cdTiang(‘S In rntt* as it passes 
through the solid-liquid area to temperature .R, which is n fuitectie 
temperature. At temperature R the cooling stops until the last trace of 
liquid disappears. The remainder of the eooling curvt^ n^presemts the 
cooling of the solid phases. 

* IncongTuent melting is the decomposition of a compound into a molt and a now com- 
pound at a definite temperature. 
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Other two-eomponent systems are combinations of the four prin- 
ciples shown in Figure 2, and are amply illustrated in the following 
diagrams of equilibrium systems, which were selected as those of 
primary interest to the enameler.^ A complete description of each 
diagram is not given, as such would be a repetition and is unnecessary. 
The cuts for these diagrams were furnished by the American Ceramic 
Society. 

Although the enameler has not extensively utilized such systems 
in the past, it is probable that they will play an important part in 
future research and development. It may well repay the reader to 
make a more extensive study of these physico-chemical principles than 
the limitations of this book permit. 



Figure 3. . Equilibrium Diagram for the 
System; CaFs-AlsOs, Pascal, Z. Elektrochem., 

19, 610-13 (1913). J, Am. Ceram. Soc. 16, 

455 (1933). 

® E. P. Hall and Herbert Insley, A Compilation of Phase Rule Diagrams of Interest to 
the Ceramist and Silicate Technologist. J. Am. Ceram. Soc. 16, 463 (1933). 
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SiO, Mol percent 


Figuee 4. EQuilibrium for fho SyHt(?m; ZnO-8iOj, 

E. N. Bunting, Bur. Stand., dour. licHoarch, 4, 131”dt), (li^SO), 
p. 134. See also E. N. Bunting, Jour. Amor. Ceram. Soo., iz 
(1), 5-10 (1930), p. 8; Glasteehnischo Tabellon, p. 35, J. Am. 
Ceram. Soc. 16, 455 (1933). 



riOTOB 5. E<iiillibriuin Diagram for FioURU 6. Equilibrium Diagram for the 
the System; 3NaE-AlF,-CaEs, P. Pas- System; NaP-Aii’,, Pedotiett and rtjinsky, 
eal, Z. Elektrochem., 19, 610-13 (1913). Z. anorg. Ohem.. 80, 113-84 (1918) ; J. Am. 
J. Am. Ceram. Soo. 16, 456 (1933). CertM.. 8oc. 16, 455 (1933). 
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o TCHK/fATUnC BY TMeHMOELeMetYT 

Figure 7. Equilibrium Diagram for the System; AhOa-SiOo, Bowen, N. L. and 
Greig, J. W., The System AhOa-SiOa; J. Am. Ceram. Soc. 7, 238-54 (1924). 
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Figure 8. Equilibrium Diagram for the System; FeO-SiOa, 
N. L. Bowen and J. F. Sehairer, Amer. Jour. Sei., 5th Ser,, 24, 
177-213 (1932), p. 200. J. Am. Ceram. Soe. 16, 455 (1933). 
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Figure 11. Equilibrium Diagram for the Sys- 
tem; PbO-SiOu, H. C. Cooper, L. I. Shaw, and N. E. 
Loomis, Amer. Jour. Sci., 4tli Ser., 42, 461 (1909); 
J. B. Ferguson, International Critical Tables, 4, 
83-97 (1928), p. 86. See also K. A. Krakau and 
N. A. Vakhrameev, Trans. Opt. Inst. (Leningrad), 
7 (79), 1-32 (1931); Glasteehnische Tabelleii, p. 36. 
J. Am. Ceram. Soe. 16, 455 (1933). 



Figure 12. Equilibrium Diagram for the System; K 2 O • Si02"8i02, F. C. Kraeek, 
N. L. Bowen, and G. W. .Morey, Jour. Phys. Ohem. 33, 1857-79 (1929), p. 1872. 
See also Glasteehnische Tabellen, p. 22. Jour. Am. Ceram. Soe. 16, 455 (1933). 
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Figure 13. Equilibrium Diagram for 
the System ; 3NaF - AllVAl^Oa, I.orony., 
Jabs, and Eitel, Z. anorg. Chem., 83, 5t) 

(1913). J. Am. Ceram. Soi*. 16, 4;“;“ 

(1933). 



Na^SiOa Mol percent ZrOy ZrO^ 

Figtjrb 14. Equilibrium Diagram for the Sys- 
tem; NasO-SiOs-ZrOa, J. D'Aus and J, Ddffler, Z* 
anorg. allgem. Chem., 191 , 1-35 <1030), p. 19. 

J. Am. Ceram. Soc. 16 , 455 (1933), 
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PlGUEB 17. Equilibrium DiuKraiu for llic S.v.st<'m; 
Ca0-B203, E. T. Curlscui, Bur. Stuiul., .lour. Ki‘- 
search, 9, 826-32 (p. 830). .1. Am. ('cruiu. Sor. 16, 
465 (1933). 
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FigueeIS. Equilibrium Diagram for the System; NuaO'SiOrCaO'HiOrSiOs, (}. W. 
Morey and N. L. Bowen, Jour. Soe. Glass Tech., 9, 220-64, (1926), p. 223. Htn* also 
Hewitt Wilson, p. 245; Glasteclmisehe Tabellen, p. 43. J. Am. Oemm. Hoc. 16, 455, 
(1933). 
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JL' JUC7* JLUJlll XUX K>LIK^ fO^OLClXl, KJ4 V^Ct <-( XV-/2“ XV^2 j 

G. W. Morey, P. C. Kracek, and N. L. Bowen, Jour. Soe. Glass Tech. 14 (54), 149-87 
(1930), p. 158. See also Glasteehnisclie Tabellen, p. 56, J. Am. Ceram. Soe. 16, 
455 (1933). 



Figuhe 20. Equilibrium Diagram for the System; 
Na20*Si02-Fe203-Si02, N. L. Bowen, J. F. Sehairer, 
and H. W. Y. Williams, Amer. Jour. Sci., 5tli Ser., 
20, 405-55 (1930), p. 419. J. Am. Oeram. Soc. 16, 
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Figure 21. Equilibrium Diagram for the SyHtem; CiiFa-Al 30 a“*LNaF* 

P. Pascal, Z. Elektrochem., 19, 610-13 (19L3). J. Am. Oram. Soc. 16, 4i)r> 
(1933). 



Figure 22. Equilibrium Diagram for the System; NaF-AlFrCaF», FedotlefI! 
and Ilijnaky, Z. anorg. allgem. Ohem., 129, 93-107 (1923). 3*. Am. Ceram. Soe. 

455 (1933). 
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A=S14° 

B==995° 

C==740° 

D=765‘’ 

Ex==645° 

E,= 665° 

E,=540° 

E=775° 

E.,==752‘* 

E«==764“ 

Et==846° 

E,s=793° 

E,«=705“ 

FG=678'‘ 

HJ=678° 

KL==590° 

MN==573° 

0=640“ 

PQ=870“ V- 

RS=1470“ 

Figure 23. Equilibrium Diagram for tlie System; 

KsO-SiOa-NasO-SiOo-SiOo, F. C. Kraeek, Jour. Phys. 

Chem., 36, 2529-52 (1932), p. 2538. J. Am. Ceram. Soc. 

16, 455 (1933). 


Several investigators have studied the simple systems of two, three, 
and four components in an effort to develop more fusible and satis- 
factory enamels. Although handicapped by very meagre data on 
which to base such investigations, considerable progress has been 
made. Simpson ^ has taken cone deformation eutectics of different 
systems and combined them in an effort to obtain even lower-melting 
combinations than these known eutectics. Combinations of ternary 
cone deformations were used by Simpson, with and without further 
additions of silica, to develop dry process cast iron enamels. Theoretic- 
ally two eutectics combined will not necessarily form a lower melting 
mixture but the results of these investigations have been very 
instructive. It is a tremendous undertaking to study all possible 
combinations of as many different compounds as are present in 
enamels; therefore this information may never be complete. It is 
necessary, therefore, to study the most promising combinations based 
on the data which become available from time to time. The author 
has carried out extensive investigations on the use of simple systems 
as enamels, but only in a few cases have simple combinations of oxides 
approached satisfactory results. By adding to these simple systems; 
enamels can be developed, but the simplicity is then lost. 



^ Harold E. Simpson, The Development of an Enamel on a Eutectic Basis; J. Am. Ceram, 
Soc. 13, 62-79 (1930). 
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PHYSICAL PROPERTIES OF ENAMEL GLASSES 

All materials undergo changes in their physical pn}p(*rtii‘s with 
changes in temperature. Specific gravity, lianlness, elasticity, l>rittl(‘- 
ness, and the light effects such as rel-raction, retl(‘ction, and absorption 
are some of the properties changed. These changes an‘ all important 
to the enameler as they concern the important prop(‘rti(‘s of an enamel. 
Any enameler has seen changes of color, gloss, hardiness, and clast ii‘ity 
as the enamel cools. Contraction and expansion an‘ outward (‘X|)res. 
sions of the volume changes. In glasses and (Uiann'ls it is possible, with 
a fair degree of accuracy,, to calculate many of th<‘s<‘ [)rop<u*ties from 
the chemical composition. It has ])een showti that the valinss of (‘ei*lain 
of these properties are approximately additivi‘. 

If a glass contains a number of oxides, A, B, C, (‘1c., th(‘ p(‘rcen1ag(‘ 
weights of which are, respectively, Pa, Pb, P(% <de., and tin* (‘oust ants 
of the properties for each, respectively, Xa, Xh, X(s <‘t(‘., th(‘ following 
formula may be applied to obtain the specifi(‘. prop(‘rty of tin* glass, 

K = PaXa + PbXh + Vr.Xr, <dc., 

where K represents the si,)ecific ])roperty. In sonu* glass(*s tin* ac(oira(*y 
of such a calculation is very great, but in otlu‘rs an approximation 
only is obtained. This is true, because the pr(*s(‘nc,(* of oin* (‘bmnmt in a 
glass may influence the effect of another, a fact whi(‘h explains why tin* 
values determined by different invc'stigators do not agian*. Tln*y hav(‘ 
been determined on different types of glass(*s, tlu'nd’on*, in (‘aeh east* 
the conditions are different. An example of tin* influ(‘ne(‘ of Ixn-ax on 
the coefficient of thermal expansion of she(‘1 iron ground (*oat (‘nann*ls 
is shown in Figure 25. 

Thermal Expansion. The literature contains many inv(*st igations 
of the relationship between compositioxi and the physical prop(*rtit*s of 
glass, bnt few of the glasses studied could be consid(‘n*d to In* of tin* 
enamel type. The first ('xtensivt* systematic invt'st igat ion of tin* 
problem was published by Winkelmann and Schott,'' who foianl 
that certain oxide factors could be used to calculate tin* approximate* 
cubical coefficient of thermal expansion of glass(*s, Tin*se ra(*tors W(*r(* 
based on an extensive investigation, and for convemienet* in (‘aleidation 
were made to represent the contribution of one p(*r cent of tin* given 
oxide to the total expansion of the glass. Although tlu‘se factors 
showed considerable variation, even with the glasses investigated, they 
have been, assumed by many to be more accurate than was ever 
intended by Winkelmann and Schott. 

“Wiedemann’s Annalen Bd. 51, 731 (1894). 
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This work was later supplemented by an investigation of enamel 
glasses by Mayer and Havas, who added the factors for many more 
of the oxides than the original work covered. It is the most complete 
investigation ever undertaken and the factors are the best available 
for enamel glasses. 

English and Turner calculated a new set of factors, based on the 
assumption that silica carried the expansion of fused quartz into glass. 
These differ considerably from those previously published. 


Borax 

81% 



81% 


81% 


Figure 24. Low Temperature Range and Average Expansions of Typical 
Sheet Iron Ground Coats! 


Hall,® working at the National Bureau of Standards, determined 
factors for some of the common glaze oxides. 

Fetterolf and Parmelee,^ at the University of Illinois, worked on 
the same basic assumption as English and Turner, thoroughly investi- 
gating the action of several oxides over a wide range of composition. 

“Sprechsaal 42, 497 (1909); 44, 188, 207, 220 (1911). 

T J. Soc. Glass Tech. 4, 115 (1920) ; 5, 121 (1921). 

J. Am. Ceram. Soc. 10, 551 (1927); 12, 760 (1929). 

SE. P. Hall. J. Am. Ceram. Soc. 13, 182 (1930). 

“ L. n. Fetterolf and C, W. Parmelee. J. Am. Ceram. Soc. 12, 193 (1929). 
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Gelilhoff and Thomas did considerable work on the expansion of 
glasses and pointed out the fact that factors for calculation are 
accurate only in limited fields of composition. 

Harrison studied sheet iron ground coat enamels and developed 
a set of factors, which check very well wuth the results of actual 
determinations with the interferometer. 

Table 2 shows the factors determined in these investigations of 
the thermal coefficient of expansion. 

To check these factors for accuracy in sheet iron ground coats, the 
author and R. K. Smith determined the thermal coefficients of 



Figure 25. Effect of Borax on the Average Coefficient of Expansion. 

expansion of a systematic variation of compositions, which are indi- 
cated in Figure 24. These results show by their agreement with cal- 
culated value, that the factors of Mayer and Havas are most suitable 
for this type of enamel and are fairly accurate. From these data the 
effect of borax on the average coefficient of expansion is plotted in 
Figure 25. This figure shows that an increase of borax always raises 
the expansion coefficient, but it also shoves that the rate of increase, as 
indicated by the different slopes of the curves, depends upon not only 
the amount of borax but also the other constituents present. Silica and 

G. Gehlhoff and M. Thomas. Zeitschr. f. Technische Physik, p. 102 (1926). 

11 Harrison. Bureau of Standards. Reported at the Meeting of the Am. Ceram. 

Soc., February, 1933. 

isj. Am. Ceram Soc. 16, 328-337 (1933). 
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feldspar, plotted similarly, give ai)proxi!iiiilcly iiaralh'l lines, showing 
that their factors are not greatly iiitlueneed by tlu- otlu'r eonsfilueiits 
present in such compositions as sheet iron gi-onnd coats. 

The thermal expansions of sheet iroti eov(-r (>nanu‘ls cannot bo 
accurately calculated by the factors of Mayer and Havas, as shown by 
the results of actual determination.s.'=‘ The eoniposil ions used in this 
investigation and the results obtained are shown in Figure 2li. 

In this figure the points marked Logical Fluoriih's wm-e determined 
by calculating the batch compositions to tlu' melted eomposilions on 



Figure 2<3. Comparison of Aotual Valno.s niiil Valuos for flu* 'I'licnnal 

Expansion of Sheet Iron Cover Enumols. 


the basis of one hundred per cent. (Iryolite was assumed to b<‘ broken 
down on entering the melt, contributing sodium liuoridc, aluminum 
oxide, and fluorine gas. Sodium silicotiuorido was assumed to be 
broken down into sodium fluoride, .silica, and fluoriru' gas. All other 
raw materials were considered as the simple oxides. Each oxide or 
fluoride was multiplied by its expansion factor, and the sum of these 
quotients gave the theoretical cubical coefficient of thermal I'xpansion. 

The results marked Oxides were obtained by a.s.suming that the 

^ A. I. Andrews and E. E. Hawe, J. Am. Ceram. Boc. 17. 2HH <19114). 
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fluorine was completely volatilized, and calculating the remaining 
elements as oxides. 

Assuming that the compounds, sodium fluoride, calcium fluoride, 
and antimony pentoxide, do not affect the expansion of the glass ; they 
were subtracted from the composition, the remaining glass calculated 
to one hundred per cent and the factors applied. These results are 
labeled Crystal Compounds Omitted. Although this assumption has 
often been made in the calculations of the expansions of enamels, the 
results would indicate that it is not well founded. 

Several other variations from these three types of calculations were 
made, but the variations were slight and the results are not shown. 

Figure 26 shows that all calculated coefficients of expansion of the 
enamels containing fluorides were low compared to those actually 
observed. 

Although the average of the oxide values for the different enamels 
is closer to the actual values, those obtained by calculating the logical 
fluorides more closely parallel the actual values and are, therefore, 
although low, more indicative of the variation from one enamel to 
another. 

Since the Logical Fluoride values parallel the observed values 
fairly closely, expansion factors for sodium fluoride and calcium 
fluoride were calculated, which for the enamels studied would yield 
approximately the actual values. These new factors, calculated from 
enamels number seven and eight, were CaFa 4.1 and NaF 10.0. These 
factors are not proposed to replace those of Mayer and Havas, since 
they are based on only a limited amount of data. Only the values for 
calcium fluoride and sodium fluoride were arbitrarily raised, since 
the Mayer and Havas factors have been shown to check very closely in 
ground coat enamels with smaller percentages of fluorine compounds. 
It should be further understood that, although these new factors are 
applied to fluorides, the actual cause for the increased expansion may 
be due to the effect of the fluorides on the properties of the other 
materials. 

Further examination of Figure 26 shows that the trend of increas- 
ing expansion is in the direction of increasing sodium silieofluoride 
(see points one, seven, and eleven).. This is contrary to the expected 
results. One possible explanation of this is that the sodium silico- 
fluoride, being relatively unstable, is more completely broken down, 
thus giving a greater amount of sodium fluoride than that obtained 
from cryolite. 
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There is very little difference between the (‘xpansion (‘oeffieients 
of the individual enamels, since actual values lit‘ bcdwinui :10() and 
360 X 10"^em. per centimeter per degree (Uuitigrade. Nev(M*thel(\s8, the 
trend of decreasing expansion with increasing tluorspar may noted 
when replacing either cryolite or sodium silieotluoridc*. In tln‘ ease of 
cryolite replacing sodium silicofluoride, the expansion tends to reach 
a maximum at a point about midway Ixdwetm the two and thou 
decreases on either side of this point. The fact that f!uorsj)ar dtxn-eases 
the expansion might be expected, since it is a[)pan‘nt that an addition 
of either cryolite or sodium silicofluoride means an additi^ni of soda 
with a factor of ten, while the factor for lime is 

Figure 27 shows typical expansion curves for (‘nannds, th<‘ values 
being indicated by the slopes of the curves at tin* <linVn‘nt t(nnpera- 



tures. The breaks in the curves above 4i)()‘^( - are eauscnl by the soften- 
ing or fusion of the enamel. 

The properties other than expansion, such m density, tensile 
strength, elasticity, hardness, specific heat, thermal conductivity, and 
crushing strength, have been investigated to a limited extent, They 
are valuable as approximations and should be used as such. 

Density. The reciprocal of the density, or specific volume, in the 
additive property which can be used in calculating density, and the 
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results are fairly reliable. Winkelmann and Schott formula for 
density is 

'•f: 100 p, p. P3 

=-+—+- 

D Vi Vo V 3 

where D = density of the ^lass, 

p = percentage of the oxide, 
v = density of the oxide used 

(calculated from glass). 

Elasticity. Young’s modulus for soda-lime glasses was determined 
by Clark and Turner by means of the following formula : 

E = PiGi + Pae. + Pae, 

Avhere E = Young’s Modulus for glass, 

p — percentage of the oxide present, 
e = factor for the oxides used. 

Tensile Strength. Winkelmann calculated the tensile strength 
of glasses successfully by means of the following formula : 

T = Piti + Pats + Pat;, 

where T = tensile strength of the glass, 
p = percentage of the oxide, 
t = factor for the oxide used. 

Hardness. Although hardness is not as easily determined as some 
of the other properties, the following represents the method used by 
Auerbach : 

H = p^hi + pgha + Pghy 

where H = hardness of the glass, 

p = percentage of the oxide, 
h — factor for the oxide. 

Specific Heat. The specific heat may be calculated from the for- 
mula : 

S = PiSi + P2S2 + P3S3 

where S = specific heat of the glass, 
p = percentage of the oxide, 
g_ factor for the oxide. 

Jena Glass, Hovestadt, translated by J. D. and A. Everett, London (1902). 

« J. Soc. Glass Tech., 3, 260 (1919). 

Jena Glass, Hovestadt. 

Hodkin and Oousen, Textbook of Glass Technology. B. Van Nostrand (1925). 
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Thermal Conductivity. Paalhorn ileteriHiiuHl faetors for the eal- 
culation of the thermal conductivity : 

C = piC, + p^Co + p,e, 

where C = thermal conductivity, 

p = percentage of the oxide, 
c = factor for the oxide. 

Crushing Strength. Winkelmann and Schott used the following 
formula for the calculation of the crushing stnmglh ol glasses: 

CS = PiCS, + p.cs. + i),es, 

where CS = crushing strength of the glass, 
p = percentage of the oxide, 
cs = factor for the oxide. 

Although the calculated values often giv(‘ only a])proxiinat ions, 
they are quite useful in research and praetiet^. Th{‘ faidors for the 
different properties are given in Table 2 on pag(‘ 40. 

OPACITY 

Theory. The opacity of enamels is caused by tln^ i)h(‘nonu‘na of 
reflection, ref reaction, and diffraction of the. light by par{ieh‘s iitihinlded 
in the matrix of glass. This results in a. diffusion of tlu^ light, whieh is 
termed opacity, as applied to enamels. The light falls upon tin* enamel 
in parallel rays, and by means of thes(* plnmonnma tin* rays are 
diffused in all directions, destroying the transparency (d‘ the (uiann*!. 
To produce this diffusion of light, the index of r(‘rraetion of the 
imbedded particles mxist be different from that of tin* glass. 

The light is diffused by reflection from tin* (‘nam<*i siirfaet* and also 
from the suspended particles, the latter being tin* more importatit; 
crystals and small i)articles giving greater diffusion of the light than 
large round particles. 

As light passes from a medium of one density to a nn‘dium of 
another density it is refracted, depending m the difft‘r(‘iu*es in the 
densities, and the direction of propagation of the ray is elmtigc^d. To 
give opacity, the index of refraction of the suspended partich*s must be 
different from that of the glass, thereby producing refra<*tion of the 
light rays at every interface. This results in a disorderly eJuingc^ in ^he 
paths of light and produces diffusion. Again, as in the ease of reflee- 

^ Jena Glass, Hffvestadt. 

XUd. 
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tion, the particles of irregular shape and small size produce the 
greatest diffusion. 

The phenomena of reflection and refraction work together in 
producing diffusion of the light in enamels. If the light strikes the 
surface of a particle at greater than the limiting angle, it is reflected, 
and if it strikes the surface at less than the limiting angle, it is 
refracted, both phenomena contributing to the diffusion of the light. 

It is, therefore, evident that the more interference the light meets 
with in being reflected and refracted through the glass, the greater 
will be the diffusion and the opacity. To produce this effect, the 
particles should be highly dispersed and of irregular shapes and 
sizes. The nature of the ideal combination of sizes and shapes, however, 
cannot be stated. 

If the sizes of the particles, however, approach the dimensions of 
light rays, the phenomena of reflection and refraction no longer exist, 
but the light becomes diffracted. The diffraction of light increases with 
a decrease of particle size below that of light waves to a maximum, 
whereupon diffraction decreases as the particles get still smaller. 

It is, therefore, evident that a maximum of opacity is theoretically 
reached, when the larger particles are small enough to give the greatest 
possible opacity by reflection and refraction, and the smallest particles 
are large enough to give greatest diffraction opacity. 

When the light is reflected, refracted, and diffracted, the white 
light is decomposed into colors, but the amount of diffusion produced 
in enamels generally obscures this phenomenon. 

Types of Opacity. Since suspended particles of either higher or 
lower optical density than the glass may produce opacity, there are 
different types to be considered. 

Opacity produced by particles of a higher index than the glass may 
be divided into (a) insoluble particles, (b) crystallites, and (c) immis- 
cible constituents, (d) gas bubbles. 

Insoluble particles added to the mill batch of an enamel often 
represent the insoluble type. Here the opacifier is added to the frit and 
milled to a fine state of dispersion. In fusing the enamel these opacify- 
ing particles are suspended in the glass in a finely divided, dispersed 
form and, therefore, give opacity to the enamel. 

In the second type of opacity the particles are formed by devitri- 
fication, or crystallization. Such opacity is usually developed in smelt- 
ing the frit, the compounds either forming in the smelting operation or 
crystallizing out of the glass on cooling. The jewelry enamels using 
arsenic oxide as the opacifier illustrate crystallization on cooling and 
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the antimony enamels, in which antimony jxnifoxulo is lormed during 
the smelting, are illustrative of the otlun* type. 

The production of good opacity by crystallizal ion is d(‘pen<lent 
upon the spontaneous formation ol‘ many crystal niudci on cooling. If 
the crystallization is slow or progressiv<\ large (oystals form and the 
enamel tends toward either a mottled or a matt appearancun 

If immiscible melts are formed in tin' glass th(^ third \y\H^ of 
opacity results. 

A type of opacity in which the dispersi‘d parti<des have a lower 
index of refraction than the glass, is that canscxl by miinitt* gas bubbles. 
The opacity caused by bubbles alone is not usually strong but they 
undoubtedly contribute to the opacity of most opacpic cuauuds. 

These different types of opacity probably all contribute to the 
property in all enamels, some being more pronoiuicnd in one and others 
being more pronounced in another. It is only through tht‘ combination 
of these different types of opacity that we obtain the quality desired. 
In fact few enamels depend upon one tnaterial aIom‘ to devcloj) good 
opacity. 

TABLE a 


Indices of Uefraction of OrAciFiKits 

Tin oxide. 

Zirconiiun oxide 

Titanium oxide 

Sodium fluoride 

Calcium fluoride 

Arsenic trioxide 

Lead arsenate 

Zinc sulphite 

Zinc spinel 

Antimony trioxide 

Enamel glasses 

Oryolite 


C.04 

c.ia lmc L’.iiit 
2..10 
i.aa 

1. -i I 

1.7 a 

C.14 

2.37 

1.90 

2. m> 

i.no L,ir> 

1 M 


The preceding theory of opacity explains this proptudy of (‘immels 
as due to the differences in the indices of refraction of the (ummcd and 
the particles and also the sizes and the shapes of the suspended par- 
ticles; but there is no way of predicting from the IhooricH the opacity 
which will develop in an enamel under given conditions. Factors at 
present not understood make such predictions impoHsible, therefore 
actual trials are necessary in the study of opacity. The control testa 
are outlined in detail on page 341. 

The X-ray Study of Opacifiers. The X-ray investigation of thi 
compounds present in enamels has thrown considerable light on thf 
actual compounds producing opacity. 
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Many theories concerning the cause or source of opacity in enamels 
and glasses are given by various writers, and some of the investigators 
have made X-ray determinations of opacifying compounds in glasses. 
Agde, Krause, and Lehmann conclude that in using sodium fluoride 
(NaF) as the opacifying agent, the sodium fluoride (NaF) separates 
from the cooling solvent and produces turbidity ; when aluminum 
fluoride is used, sodium fluoride is formed; with calcium fluoride the 
opacity is due to calcium fluoride and sodium fluoride. Enequist 
claims that the opal color is due to silicon tetrafluoride. Zschimmer 2- 
states that the turbidity of opaque glass is the result of the precip- 
itation of minute spheroids of fluorine compounds, principally sodium 
fluoride and calcium fluoride. Otremba-^ states that the opacity is 
due to crystals when cryolite is used and to fine air bubbles when 
fluorspar is employed. Bock-'^ claims that fluorine has no influence 
whatever on the opacity of the resulting enamel. Kyde and Yates 
state that the opacity of opal glasses has been attributed to alumina, 
aluminum fluoride, sodium silicofluoride, silica, silicon tetrafluoride, 
and aluminum silicates ; however, their results show that the opacity 
of fluorine glasses is due either to sodium fluoride or calcium fluoride 
or both. Other writers and investigators have stated that opacity 
was caused by aluminum fluoride, silica, boric oxide, clay, oxides of 
tin, antimony, titanium, and zirconium (when compounds of these 
metals were used in the enamel), feldspar, colloidal silica or alumina, 
and by occluded gases. Randall, Rooksby, and Cooper found cristo- 
balite crystallites present in glasses of vitreous silica, wollastonite, and 
sodium borate. These glasses, however, were transparent, but are 
mentioned, because similar lines were obtained on the X-ray patterns 
of some of the opaque enamel glasses. 

G. Agde and H. P. Krause, Study of the Behavior of Fluoride Additions to Glasses and 
Enamels, Z. angew. Chern,, 40, 525-33 (1927); Chem. Abs., 21, 2966 (1927); Chem. & Ind., 
4flB, 483 (1927); Oe am. Abs., 6, 374 (1927); Enamel Bibliography, p. 1. G. Agde, H. F. 
Krause, and W. M, Lehmann, Behavior of Fluoiddes in Glasses and Enamels, Z. angew. 
Chem. 40, 804 (1927); Chem. & Ind. 46B, 654 (1927); Enamel Bibliography, p. 3 ; A. Agde 
and H. P. Krause, Effect of Fluoride Additions to Glasses and Enamels. Causes of Fluorine 
Losses During Smelting of Glasses and Enamels with Fluoride Additions, Z, angew. Chem. 
40, 886-95 (1927); Chem. & Ind. 46B, 702 (1927); Chem. Abs. 21, 3434 (1927); Enamel 
BiVdiogi-aphy, p. 1. 

-^E. Enequist, Chemistry of Opaque Glass and Enamel, Chem. Eng. 10, 54 (1909); 
Chem. Abs. 3, 2865 (1900) ; Enamel Bibliog- aphy, p. 110. 

E. Zschimmer, Pluor-Opal and Theory of Opaque Glass Used in the Illuminating 
Industry, Sprechsaal, pp. 347-49, 364-66 (1930); Chem. Abs. 24, 3617 (1930). 

^A. Otremba, Fluorine in Enamel Melting. Keram. Rund. 34, 158-60 (1926); Ceram. 
Abs. 5, 299 (1926) ; Chem. Abs. 20, 3339 (1926); Enamel Bibliography, p. 231. 

Bock, Importance of Fluorine in Enamels, Chem. Ztg. 32, 730-32; Chem. & Ind. 27, 
900 (1908); Chem. Abs. 2, 2718 (1908); Enamel Bibliogi-aphy, p. 29. 

“ J. W. Ryde and D. B. Yates, Opal Glasses, Jour. Soc. Glass Tech., 10, 274-94 (1926). 

^ J. T. Randall, H. P. Rooksby, and B. S. Cooper, Structure of Glasses; Evidence of 
X-Ray Diffraction, Jour. Soc. Glass Tech., 14, 219-29 (1930). 
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X-ray investigations on the compounds causing opacity have led to 
the following conclusions for certain dry process cast iron enamels:-^ 

Tin oxide, when used as the principal opacifying agent, was not 
dissolved by smelting and remained as crystalline tin oxide (SnOo), 
giving opacity to the enamel. Fluorspar, when used with tin oxide, 
remained as crystalline calcium fluoride in smaller quantities. Cryo- 
lite, when used with tin oxide, remained soluble in the enamel glass, 
and sodium fluoride did not crystallize to an extent siiiflcient to give a 
pattern on X-ray examination. When cryolite was used with fluorspar 
and tin oxide, crystalline sodium, fluoride, as well as calcium fluoride, 
were present in the fused enamel. 

In enamels containing commercial antimony oxide or sodium anti- 
monate, crystalline antimony pentoxide (SboOr, ) was tlu' compound 
causing opacity. The commercial antimony oxide was oxidized during 
smelting to the antimony pentoxide. It is assumed that sodium anti- 
monate reacts in the enamel to form antimony pentoxide, and the 
sodium oxide goes to form part of the glass. 

The crystalline compounds causing the opacity in enamels con- 
taining zirconium oxide, as the principal o])acificr, with fluor- 

spar or with cryolite as the secondary opacifier, wer(^ (*. ry stall inc cal- 
cium fluoride, in the enamel containing fluorspar, and sodium fluoride 
in the cryolite enamel with an unidentifled coinpouiul, which was 
neither pure zirconium oxide, nor zirconium silicate^. It may have been 
some other form of the oxide or possibly a fluoride of zirconium. Zir- 
conium enamels seemed to retain a greater per cent of their fluorine 
content than enamels containing the other opacifuvrs. 

Sodium silicofluoride, fluorspar, cryolite, aluminum fluoride, or 
sodium fluoride, gave opaque glasses when us(m 1 as opacifying agents 
alone. Sodium silicofluoride, when used as the principal opacifying, 
compound with fluorspar as the secondary opacifier, gave an opaque 
enamel containing only crystalline calcium fluoride; while with cryo- 
lite as the secondary opacifier the enamel contairuHl only crystalline 
sodium fluoride. When fluorspar was used alone, tlie enamel contained 
only crystalline calcium fluoride. When cryolite was used alone the 
enamel contained only crystalline sodium fluoride, the remainder of 
the cryolite being retained in the glass. With aluminum fluoride the 
opacity was caused by crystalline calcium fluoride when fluorspar was 
the secondary opacifier, and by sodium fluoride when cryolite was the 

^Andrews, Clark and Alexander, J. Am. Ceram. Soc. 16, C85 (lOn.'l); Andrews and 
Breen, J. Am. Ceram. Soe. 16, 325 (1933). 

* Added as “Opax.” 
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secondary opacifier. No crystalline aluminum fluoride (AIP3) was 
found in any of the enamels tested. When sodium fluoride was used as 
the principal opacifier with fluorspar as the secondary opacifier, both 
crystalline sodium fluoride and calcium fluoride were present, while 
with cryolite as the secondary opacifier only crystalline sodium fluoride 
was present. In all enamels in which the opacity was caused by either 
crystalline calcium fluoride, sodium fluoride, or both, the crystalline 
compounds were probably soluble in the enamel glass and crystallized 
on cooling, the degree of opacity depending upon the rate of cooling. 

Sodium silicofluoride, fluorspar, and cryolite aided in the develop- 
ment of opacity when used with tin oxide, antimony oxide, or sodium 
antimonate. They did not cause opacity in the presence of these metal 
oxides, except in the case where fluorspar and cryolite were present 
with tin oxide. The identification of crystalline calcium phosphate, 
Ca3(P04)2, in the fused enamel was unexpected and, although the 
patterns obtained seemed conclusive, more work should be done on 
this type of enamel before final conclusions are drawn. 

The following are results obtained from an X-ray study of sheet 
iron cover enamels: 

The variations of feldspar, borax, and quartz in the enamel compo- 
sition had no effect on the identity of the crystalline compounds 
showing opacity. It is quite probable, therefore, that the composition 
of the enamel glass has little if any effect on the nature of the crystal- 
line compounds causing opacity. 

The variations of fluorspar, antimony oxide, and cryolite, showed 
that each contributed to the crystalline compounds present in the 
enamel. Fluorspar was present in these sheet iron enamels as calcium 
fluoride, antimony oxide was present as antimony pentoxide, and 
ciyolite contributed crystalline sodium fluoride. If any one or more 
of these compounds were present in an enamel, the enamel was opaque. 
When tin oxide was added to the mill, crystals of tin oxide appeared 
in the X-ray pattern. The zirconium oxide (Opax) enamel, however, 
did not show the presence of zirconium oxide and, although the 
enamel was made opaque, no crystalline particles showed in X-ray 
tests. 

The transparent frits made by smelting the opacity out of the 
enamels showed no crystalline compounds, although cryolite, fluorspar, 
antimony oxide, and tin oxide were present in the raw batch. This 
indicates that the opacity obtained by these compounds was caused by 
the crystallites. 
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FUNDAMENTALS OF COLOR 

The light coming from the sun is white light, containing all of the 
colors of the spectrum. As this white light falls on objecis, a portion 
of it is absorbed or transmitted through the object and the remainder 
is reflected. Different objects have different absorbing characteristics, 
therefore the light reflected from various objects differs. If an object 
absorbs or transmits all except red light rays, then these red rays are 
reflected and we state that the object is red. When observing the 
object by allowing the light to fall on it, we get only the sensation of 
the light rays reflected. If we allow the light to jniss through the 
object, we may get an entirely different color sensation, for we are then 
observing the transmitted rays; that is, the original rays minus those 
absorbed and reflected by the object as the light passes through it. 

The character of the light used for such observation of reflected 
or transmitted light often influences the color, since rays not present 
in the original light cannot be reflected or transmitted. Thus, a yellow 
light falling on an object reflecting only red light will give the object 
the appearance of being black, while, if white light were used, the red 
rays would have been reflected and the object would have appeared 
red in color. 

The light from the sun containing all the rays of the visible 
spectrum is white light, which vibrates in wavelengths of 3900 to 7700 
angstrom units.'^ The different colors represent different ranges of 
vibrations within these limits of the visible spc^ctrum, as shown in 
Table 4. 


TABLE 4 
Visible Spectrum 


Violet 3900-4220 A.U. 

Blue 4220-4920 A.U. 

Green 4920-5350 A.U. 

Yellow 53r)0-58()0 A.XT. 

Orange 58G0-C470 A.U. 

Bed 6470-7700 A.U. 


Thus, violet represents the shortest rays and red the longest. If the 
vibrations are shorter than the violet, they are not visible to the eye 
and enter the field of ultra-violet, x-rays, y-rays and, finally, cosmic 
rays. If the vibrations are longer than the red rays, they enter the 
field of the infra-red rays, solar radiation, Hertzian rays, radio rays, 
and, finally, the electric rays. 

1 1 

* 1 A.XJ. = 10-» cm. = cm. inch, 

100.000.000 254.000,000 
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We are at present particularly interested in the visible spectrum, 
which includes the colors sensitive to the eye. Of these colors, red, 
yellow, and blue are considered the primary colors, all others being 
combinations of these three colors with additions of black or white to 
vary the shade or tint. 



Colors have three general characteristics: hue, brightness, and 
strength. Hue is the color. Brightness represents the position between 
black and white. Additions of white control the tint and additions of 
black, the shade. Strength represents the power of the color or its 
freedom from gray. W. J. Miskella gives two diagrams, which very 
clearly explain these different properties of colors. 

In Figure 28 the colors are shown in what is called the chromatic or 
color circle. In the center are shown the three primary colors : red, 

2* Practical Color Simplified; Pinishing Research Laboratories (1928). 

t W. J. Miskella, Practical Color Simplified; Finishing: Research Laboratories (1928). 
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yellow, and blue. The second circle represents the combinations of two 
of these colors, orange for red and yellow, green for blue and yellow', 
and violet for red and blue. The tertiary colors (third circle) are 
combinations of the secondary, the quaternary (fourth circle) combi- 
nations of the tertiary and so on until we reach the outer circle, which 
is a combination of all or black. 

Figure 28 represents only combinations of pure color or hues, but 
Figure 29 shows the relation to black and white additions. The 
primary and secondary colors are arranged in a circle with proper 
relation to one another and gray at the center representing combina- 
tions of all. Above this central plane in the diagram labeled full color, 
are additions of white, which give the various tints of the colors, until 
the upper plane is reached and white predominates. Below the central 
plane showing full color, progressive additions of black are repre- 
sented, which give the different shades until the lower plane is reached 
and black predominates. 

These fundamental facts concerning color aid greatly in the under- 
standing of the properties of color and their application. 

The blending of colors in enamels, however, offers difficulties in 
addition to those based on color alone, because of the chemical reactions 
which may take place. For example, it is not safe to depend upon a red 
and a yellow forming an orange, or a blue and a yellow forming a 
green. These principles of color blending can be used as an aid in 
obtaining new colors, but trial batches must always be made to cheek 
the results. As outlined on page 342, the spectrophotometer or color 
analyzer can be used to determine the combinations actually present in 
a specimen. By this means, and a eut-and-try method the desired color 
can be obtained. 

For further information on color refer to the Munsell Color 
Books.^“ 


^Mun.sell Color Co. Inc., Baltimore, Md. 



CHAPTER 4 


Cast Iron, Sheet Iron, and Steel 

Altlaougli the enameler does not usually have direct control over 
the making of the metal stock for enameling, he should be familiar 
with the operations involved, the compositions, and the properties. 
The success of enameling depends to a considerable dtigree on the metal 
base to which the enamel is fused. The compositions of irons which 
can be enameled cover a wide range from commercially pure iron to 
fifty-hundredths carbon steels and east irons, but no great variation 
can be tolerated for a given enamel and enameling process. A uniform 
grade of iron is very important. The use of low grade iron for 
enameling is not economy, since a great many defects, such as blisters, 
fishseale, and chipping may be caused by the iron. 

In the cast iron enameling industry the eastings arc. often made in 
the same factory organization in which they are enameled. This per- 
mits the maximum cooperation between the foundry and the enameling 
shop, which is a great aid to efficiency. The importance of this 
cooperation is not always appreciated by the management, but it is 
becoming better known and the most modern plants require it. These 
two departments must work together for the good of the whole manu- 
facturing process. The following pages should aid the foundry man, 
as well as the enameler, to a better understanding of the requirements 
for enameling, and the defects characteristic of poor eastings. 

The sheet metal enameler does not usually have control over the 
manufacture of the sheets, but he can purchase them from the steel 
companies giving the most suitable product and service. Methods of 
forming the ware from the sheets, how'ever, are usually within his 
influence and should be carried out with the view to enameling in mind. 

The design of the shapes of both cast iron and sheet iron ware is 
important to successful enameling. The shape, the thickness, the 
angles, and projections should all be designed to aid the enameling 
operation. 

FTTNDAMENXALS 

Cast iron, sheet iron, and steel compositions differ chemically in 
their contents of carbon. The other constituents, silicon, manganese, 
sulphur, phosphorous and the less common elements, are specific in 
their action and are not closely related to this general classification. 

The iron-carbon temperature relations have been investigate 
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extensively and are sliown on the dia^Tain in Fi^'nre :U). This informa- 
tion is fundamental to the mctalhirjjfist and (‘xplains many of the char- 
acteristics of iron. The enameler should havt‘. a thoroui’'h under- 
standing of it. 

The diagram (Figure 30) shows the e(niili])rium (‘ondilions of all 
combinations of iron and carbon between puia^ iron and a east iron 
containing 4.6 per cent of carbon and 05.-1 p(‘r ecuit of iron. Higher 
percentages of carbon do not occur in comnier(*.ial irons. Tlu' vertical 
axis represents temperature, the Centigrade s(*al(‘ being given at the 
left and the Fahrenheit scale at the right. On stinlying this system, it 
will be noted that there is one eutectic at 4.25 per ctnit of (%'irhon, wliicli 
melts at 2060° F. 

The commercially pure enameling iron, which is used for sheets, 
has a composition very clos-e to one hundred p(‘r (*ent piu’c iron. The 
steels have higher percentages of carbon up to 1.7 jxu* cent, and the 
east irons contain from 1.7 per cent np. The stcxds are gi-oiipiul into 
two classes, the hypo-eutectoid steels and the hyp(U*-(ui1i‘etoi(l steels. 
The soft steels, which arc quite malleable, contain low carbon ; the mild, 
medium carbon, and the hard steels contain high (*arbon of th<‘ hyper- 
eutectoid range. Enameling steels usually contain less than 0.20 per 
cent of carbon, but in rare cases may go as high as 0.50 p(‘r tnnit (*arbon. 
As the carbon content increases in tlu^se higlun- rangt^s, there is a 
decided tendency toward blistering. 

The east irons used for enameling may contain IndwiMui 2.S and 3.7 
per cent of carbon, but usually contain fi*om 3.25 to 3.6 ])iu’ c(‘nt. 

The form in which the carbon is ])r(‘sent in (uiaimding irons is of 
great importance. Below the solid solution area of tin* diagram in 
Figure 30, it will be noted that there are many modifh'ations, the 
equilibrium areas of which arc outlined. Th(‘S(i luoditumtions deter- 
mine the structure, the properties, and tlie (mauuding eliaraefin-istics 
of the iron to a marked degree. It is impossibh^, iti this short 
discussion of the fundamentals, to more tlian loucli on tlu‘ (‘xtensive 
information which is available in the many good books on tlu‘ metal- 
lurgy and metallography of iron. It -wdll be not(‘d, how(‘Vt‘r, that below 
the solid solution and molten iron area, of 1h(‘ sletd rang(\ ccmientite 
(Fe^C) is formed in a solid solution, as austenite (Tal)Ie 5). Below 
this area, there is a eutectoid point whore solid solution (austemite), 
cementite (Fe,{C), and pure iron (ferrite) are in etpiilibrium with eacli 
other. With carbon contents greater than this euieetoid (.85% carbon) 
cementite crystallizes out of the solid solution, and with lower per cents 
of carbon, ferrite crystallizes out of the solid solution. The ferrite go# 
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through several modifications, a, and y, on heating or cooling. In 
any case, the solid solution is changed to the pearlitic structure on still 
further cooling. In the cast iron area, the eutectic (4.25 per cent 
carbon) crystallizes at 2060° F with austenite and cementite present. 
At lower temperatures the austenite disappears and pearlite appears 
with the crystallization of cementite and graphite. 

The rate of cooling determines the amount of inversion which takes 
place in the iron. Rapid cooling tends toward a solid solution of 
austenite, 'while slow cooling permits the inversion to take place. The 
structure of the iron and its physical and enameling properties are, 


TABLE 5 

The Constituents or Iron and Their Properties 


Name 

Composition 

Micro 

Appearance 

Tensile 

Strength 

Other 

Properties 

Cementite 

FesC 

Light 

5000 lbs. 


Ferrite a 

Fe 

Light 

40.000 to 

50.000 lbs. 

Magnetic and 
Ductile 

Ferrite 

Fe 

Light 


Non-inagnetie 

Ferrite 7 

Austenite 

Fe 

Variable 

Solid 

Solution 

Liglit 

Medium 


Dissolves car- 
bon or FoaC 

Pearlite 

O.S5%C 

Te^O & Fe 

Dark 

125.000 to 

130.000 lbs. 



therefore, influenced by the rate of cooling. Even the temperature of 
firing (less than 1700° F) has an influence on the structure of the 
iron, as showm by a comparison of Figures 33 and 34. 

The accompanying photomicrographs show the structures of a 
typical enameling iron, a mild steel, cast iron before enameling, and 
cast iron after enameling. 

The effect on the properties of the iron can be readily realized by 
comparing the properties of the individual constituents in Table 5. 

CHEMISTRY OF CAST IRON 

Although cast iron is principally iron and carbon, its composition 
is not simple. It practically always contains, in addition, manganese, 
silicon, sulphur, and phosphorus, which even in small amounts affect 
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Figure 31. The Microstructure of Ingot Irou.^' (lOOX , etclu'd in 3% Nitnl ) 
This photomicrograph represents the structure of ingot iron cnainenng stock. 
The structure consists entirely of ferrite. 



Figure 32. The Microstructure of Mild Steel.* (Etched in 3% Nital.) The 
structure represented here is that of mild steel of the following compositxo * 
C— .05, S— .035, Si— trace, P— .005, Mn— .30. The structure is ferrite anC 
pearlite. 

* These photomicrographs, B’igures 31 to 84, were turnished by Dr. J. J. Canfield of 
American Rolling Mills Company (1934). 
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Figure 33. The Microstrueture of Enameling Cast Iron.* (oOOX, etched ^in 
3% Nital.) Cast iron enameling metal, consisting principally of pearlite with 
some free ferrite, some graphite, and steadite. The sample was taken from a light 
weight unenameled casting. 



Figure 34. The Microstructure of Enameling Cast Iron After the Enamel Was 
Fired.* (500 X, etched in 3% Nital.) This is the same metal as that shown in 
Figure 33, except that the enamel was fired on it in a continuous wet process 
furnace. The rate of cooling was slow, therefore, the carbon is practically all 
present as graphite, with very small amounts of combined carbon existing along 
the graphite plates. The ferrite contains fairly large amounts of steadite. 

The photomicrograph of a dry process cast iron shows a similar structure. 
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the properties, both dviriii^ manufaeture and in tlu‘ fnii.slu‘d easting. 
The analyses of typical enameling* east irons {‘all within the limits 
shown in Table 6. 

TAi^LF () 

PKReiCNT.VGB ClIKMlCAL COJM POSITION OP (^\ST I RON FOR 
E NAM KLIN(} V OR POS KS 





Li in its 


I (leal 

1 otal Cti I Ijoii 

Graphitic carbon 



2.80 3. 1^0 


<>.2;)-3.35 

Combined carbon 



oo.. r;o 




Silicon 



2.25-3.00 


2.50-2.60 

Ma,nga,noso 



‘15- .(;r> 


.45- .60 

Phosphorus 



00- ,05 


.00- .70 

Sulphur 



05- .10 

less than .09 

The structure 

of cast iron is, liowiw'er. 

also important in 

the con- 

sideration of its 

enameling 

properties. H 

\v[)ical st nud un\s 

are inch- 

cated by the examples given 

in Table 7. 






TABLE 7 




Proximate 

Structure of Cast Iron for Fnamklino 1 

MiRPO'SES 



IK- 

//^ 

///'• 

1 

Pearlitc 


52.50 

45.02 

40.0 

57.7 

Stoadito 


2.02 

7.21 

S.45 

8.4 

Graphite 


2. SO 

2.80 

2.8 

2.7 

Manganese s u 1 { > h i ( 1 e . 


0.15 

.23 

0.15 

0.2 

Ferrite 


37.87 

43.84 

30.0 

31.0 


Some of the compounds and elements occurring in 1h(‘ Thm* state in 
the cast iron are listed by Malinovszky ^ in Tabl(‘ 8. 


TABLE S 


Compounds and Elements inuosENT in Cast Iron 


Co7istituent 

Cri*:ix>hiti(' carbon 

Iron carbide 

Manganese carbide.. 

Iron phosphide 

Iron silicide 

Manganese sulphide, 
Iron 


.'bei 

d.iio 

4 . 41 ) 

7.53 

.15 

7s.n^ 


r,>r Cent. 

II 

3.19 

n.49 

.25 

4.88 

8.66 

.23 

77.30 


The composition, however, must meet the requirements of the 
foundry as well as the enameling shop. It must have sufficient fluidity 
to fill the mold completely without forming blow holes and slag spots. 

*I and II. Mahuovszky, J. Am. Ceram. Soo., 9, 808 (1928). 

* III and IV. Krynitsky, J. Am. Oeram. Soc. 8 , 620 (1926). 

^ Malmovszky, J. Am,. Ceram. Soc. 9, 808 (1928). 
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-It must utilize available scrap and must be an economically feasible 
composition. 

Carbon. The carbon in the iron gives the characteristic properties 
of cast iron, the amount, however, being largely controlled by the raw 
materials and the foundry practice. White cast iron is low in uncom- 
bined graphitic carbon, which many enamelers consider an undesirable 
constituent for enameling irons. It was once thought that only whit^ 
cast iron could be enameled, but most shops now use the gray cast iron. 
An increase in the combined carbon of cast iron results in an increase 
in the hardness of the iron. The combined carbon is present as 
cementite (FegC) or dissolved in the pearlite or austenite of the iron. 
With an increase of the carbon content of cast irons the hardness, 
shrinkage, and brittleness increases. More than one per cent of com- 
bined carbon tends to weaken the casting and, if it exceeds three per 
cent as graphitic carbon, it becomes soft. The relative amounts of com- 
bined and uncombined carbon also depend upon the heat treatment. 

Silicon. Silicon in east iron tends to change the combined carbon 
into graphitic carbon, thereby softening the iron. If the iron is high 
in combined carbon, and the silicon does not reduce this latter constit- 
uent below one per cent, it has a strengthening effect in that it reduces 
the brittleness. It also tends to counteract the hardening effect of 
sulphur. If present in excess of three and one-half per cent, it changes 
the character of the iron entirely, the iron becoming silvery, brittle, 
and weak. Silicon improves the fluidity of the iron and, if it is not 
present in sufficient quantities, casting is difficult because of a tendency 
to form slag pits and blow holes. The silicon is expensive, but it is 
highly essential for producing good, malleable, fine-grain castings. Its 
effect is counteracted by both manganese and sulphur. 

Manganese. Manganese tends to counteract the effect of sulphur 
in cast iron, thereby acting as a softener in amounts up to 0.50 per cent. 
In amounts over two per cent it hardens the iron. The manganese 
also acts to increase the solubility of carbon in the iron, making much 
higher percentages possible. In smaller amounts it toughens the iron, 
but where soft castings are desired, it must not exceed 0.50 per cent. 
It has a tendency to reduce the magnetic properties of the iron. Since 
pig irons are usually low in manganese, it must be added to them as 
spiegeleisen or ferro-manganese, which increases the cost. 

Phosphorus. Phosphorus has little effect on iron, if added in 
amounts below 0.70 per cent, but, if added in. larger amounts, it 
weakens it decidedly. Phosphorus decreases the shrinkage and, like 
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silicon, it increases the softness. It contributes considerably to the 
fluidity of the molten iron. Where ’intricate or thin eastings are bein^ 
made, phosphorus is a great aid, since the fluidity which it gives to the 
iron makes it possible to fill the mold perfectly. 

Sulphur. Sulphur increases the hardness, brittleness, and shrink- 
age of the iron by reacting to form combined carbon. It weakens the 
iron and should never exceed 0.10 per cent, unless its effects are 
counteracted by other elements such as manganese. Its shrinkage is so 
great that it must be given special consideration in the making of 
patterns. If the silicon content is less than one per cent, the sulphur 
should not exceed 0.06 per cent because of the brittleness which it 
contributes. 

Miscellaneous Elements. There are numerous other elements in 
some east irons, many of which have little effect on the properties. 
Nickel softens and strengthens cast iron, producing a fine grain. 
Aluminum softens and weakens gray iron, but white iron is strength- 
ened by 0.2 to 1.0 per cent. Vanadium alloys with the iron and acts as 
a deoxidizer, strengthening it. Chromium hardens the iron, and titan- 
ium strengthens it, also acting as a deoxidizer. 

Although it is true that the chemical composition of cast irons may 
satisfactorily vary over a wide range, it must be remembered that the 
cast iron entering an enameling shop must not vary over any such 
range. The coefficient of expansion of the iron is controlled by the 
composition of the iron, and any variation in the coefficient of expan- 
sion will result in crazing and chipping of the enamel. It is possible to 
vary the composition of the enamel to fit the different cast irons, but a 
uniform grade is necessary, if the enameling plant is to produce a 
good quality of ware without loss due to defects. 

The Cast Iron Eesearch Committee of the Enamel Division of the 
American Ceramic Society was financed by interested manufacturers 
in the study of the blistering of enamels on cast iron. This work was 
started at the Bureau of Standards but later turned over to B. P. 
Poste, who carried it toward completion. The results of this work as 
reported by Poste ^ are as follows : 

(1) Irons relatively low in silicon and high in combined carbon, especially 
those that are not readily annealed by the heat treatment incidental to enameling, 
are more prone to blister than those of the reverse nature. 

(2) Blistering is apparently associated with the presence of certain carbon 
compounds at or near the surface of the iron. In extreme cases the conditions 
promoting blistering are so generally distributed throughout the casting as to be . 
effective after the surface layer has been removed. 

^E. P. Poste, The Blistering of Oast Iron Enamels. J. Am. Ceram. Soc. 16, 227 (l988h | 
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(3) Metallograpliie evidence has indicated that, in the case of badly blister- 
ing irons at least, free carbides are pronounced in the iron, and analytical data 
support this observation. 

(4) Carbon dioxide evolution is in general more copious with iionblisteriiig 
than with blistering irons when they are heated exposed to air. 

(5) From iron coated with enamel, carbon dioxide evolution practically ceases 
when the enamel reaches a temperature sufficient to cause fusion. 

(6) Heating both types of iron in nitrogen results in essentially no carbon 
dioxide formation. 

(7) Blistering iron when coated with enamel and heated in an atmosphere of 
nitrogen fails to blister. 

(8) The last three statements indicate that oxygen from the air is necessary 
for the formation of carbon dioxide and blistering. 

(9) These several observations point to a probable reaction between carbon in 
the metal and oxygen as related to blistering. 

(10) Certain special eases offer analytical and metallographic evidence to 
indicate that the presence of iron oxide, generally distributed or segregated, may 
be a cause of blistering. 

(11) The behavior of thin applications of enamel to hot castings of blistering 
iron has suggested a possible reaction between blistering iron and enamel, termed 
the Manson effect. 

(12) Combinations of iron and enamel which have caused blistering and have 
shown the Manson effect have also developed superior adherence. 

(13) An effort to account for these facts in terms of a possible reaction be- 
tween blistering iron and metallic oxides in enamel produced negative results. 

(14) No evidence has been noted that would suggest the enamel itself as the 
source of gas causing blistering. 

(15) No work has been done to determine a possible relation between blister- 
ing and gases other than oxides of carbon. 

(16) The most logical statement in view of present knowledge is that a 
reaction between oxygen in the air (or iron oxide within the castings in special 
cases) and certain forms of carbon in the iron produces carbon oxide gases which 
cause blistering; (h) that some irons are free from harmful amounts of this par- 
ticular form of carbon, others contain it in a concentrated amount at the surface 
only, while in extreme cases it exists throughout the castings; (o) that the total 
amount of carbon oxide gases evolved at temperatures incidental to enameling is 
not related to blistering, but that minute amounts at certain critical periods which 
have escaped detection by the methods employed may be responsible for blistering ; 
and ( d) that coincident with these conditions is a reaction which promotes ad- 
herence of enamel to the iron. 

These statements definitely indicate the type of iron most desirable for enamel- 
ing which, in view of all the facts at hand, may be given as follows : 


Consiituf>7if 

Silicon 
Sulphur 
Phosphorus 
Manganese 
Total carbon 


Per ce nt 

2.60 

Not over 0.080 

Varying with type of pig iron used 

0.50-0.60 

Not over 3.40 
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These figures and good foundry practice should produce iron free .from blistering 
of the type under investigation, and are based on the kind of castings usually in- 
volved in stove foundry practice. Changes in silicon content with corresponding 
differences in total carbon would be indicated for castings of other types. 

DESIGN OF THE CASTINGS FOR THE ENAMELING 

Properly designed castings arc essential to sriccessful enameling of 
cast iron by either the wet or the dry process. Th{^ casting should have 
well rounded corners and edges, both insich^ and out, for the enamel 
tends to chip or craze and does not cover well in such pla(a‘s. There is 
a tendency for the enamel to flow away from 1hest‘ sharp t‘dgt\s, with 
the appearance of a dark line where the enamel is thin. 

Castings to be enameled should be so designtnl as to lu^at utiiformly 
in the enameling furnace. If this is not done, the enamel on the parts 
which heat more rapidly will be properly fin'd sooner Ilian the other 
parts, or they will Jie' fired too liard when llu' rest of tlu' I'namel is 
properly fired. Such a condition leads to delects in tlu' enaimd and an 
unsatisfactoi'y appearance. The design of th(‘ (oisling to facilitate 
uniform heating in the enameling furnace re(iuir(‘s e.Kp(‘rien(a*, since 
the rule of keeping the casting of uniform thi<*kn(iss doi's not always 
apply. Any projections or even edges of the castings ti'ud to heat first. 
The backs of wash basins, for example, beat fast(*r than the bowls, and 
must be slightly thicker in the welUlesigHi'd casting. Lugs and pro- 
truding parts should be kept at a minimum, l)(‘('aus(‘ tluw lu'at first and 
retard the heating of the adjacent imdal. Castings, that art' not 
properly designed, often crack or warp in th(' (‘uanni firing op(*ration. 
Although it is possible to enamel eastings whii'.h ;ire not projitjrly 
designed, it is so difficult and costly that the design should receive 
careful attention. Co-operation bidwi'ini tin' enaiiH'hn* and the dt'signor 
or pattern maker is essential. 

FOUNDRY PRACTICE 

The making of eastings to be enamehMl is in gmu'ral the same as 
ordinary foundry practice. The iron is imdled in cupolas and conveyed 
to the sand molds in ladles. The jiatterns ai’<^ usually nuuh' of metal 
and are especially designed to aid the enameling op(U‘ation. The molds 
are made either by hand or by machine, tlu^ latter Ixnng the more 
common with large production. Molds for large siz(ul castings, such as 
bath tubs, are all made by machine. The drag and co|)(' are each made 
on separate machines, the parting line being at the rim of the tub, or 
at the rim and the bottom of the apron. Sand slingers are used to fill 
the molds, and cranes and conveyors are employed for handling. 



CAST IRON, SHEET IRON, AND STEEL 67 

Facing materials are often injurious to castings to be enameled and, if 
possible, are avoided entirely. Organic material in the facings tends to 
deposit carbon in the pores of the iron, producing blisters in the 
enamel. All castings have a thin, hard skin on the surface, which 
should be avoided as much as possible in making enamel castings. A 
easting should have a smooth, clean, fine-grained surface, free from 
dirt, slag, and sand holes. They are usually cast with the side to be 
enameled down, so that any dirt in the mold will float toward the back 
side of the easting. 

The gates should be on the edge and never on the face of the casting. 
They should be as liberal as possible, at least two being used for large 
castings so that the iron can be poured quickly. Skimmer gates are 
sometimes necessary and should be used whenever there is much 
danger of slag and dirt being trapped in the casting. The sand used 
should be as open as practicable, the water content not exceeding about 
seven per cent. 

The cores used in making castings are made with many different 
bonding materials. Drying and semi-drying vegetable oils such as 
wood, linseed, corn, and soy bean oil, water plastic gluten, dextrin, 
glutrin, hour, natural resins, pitches, and alkyl resins are used. Many 
difficulties are involved as the requirements are quite rigid. Ready 
workability, the ability to be hardened during baking, mechanical 
strength, permeability, heat resistance, production of a smooth surface, 
and the ready disintegration after the casting has been poured, are 
required. 

In pouring the castings, the metal should be hot and, if practicable, 
that from the middle of the heat only is used for enamel eastings. If 
the iron is too hot, however, it tends to burn into the sand and form a 
hard, tough skin on the casting, which is difficult to remove with a sand 
blast. Castings to be enameled should not be kept in the molds longer 
than necessary, as they tend to absorb water from the sand. 

In making the east iron for enameling, only first class materials 
should be used, as a high percentage of dirt may be introduced into 
the iron by foreign scrap. A good grade of pig iron should be used and 
the scrap should be carefully selected. Chemical analyses are impor- 
tant in the compounding of the batch and are utilized by most of the 
larger and more modern foundries. 

The cupola in which the iron is melted is a vertical cylindrical 
furnace, into which fuel, flux, and iron are charged. The burning fuel 
melts the iron and the flux slags the ash and impurities. Figure 35 
shows a vertical section of a typical cupola. It consists of a boiler plate 
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shell three-sixteenths to three-ei<^hths inches thick with a lining of eight 
to twelve inches of refractory brick or cupola blocks. The size is ordi- 



Figure 35, A Cast Iron Cupola. 


narily indicated by the inside diameter, varying in ordinary practice 
from sixteen to eighty-four inches. The height is generally given as the ^ 
distance from the bottom plate to the charging door, the height of th^ ; i 
stack varying with the size of the cupola. The ordinary cupola is ab^| 
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fifteen feet high, but the continuous type may be much higher 
than this. 

The cupola is charged through the charging door, the fuel and 
iron being added intermittently so that they form a series of layers, as 
shown in the diagram. Because of the compact nature of this charge, it 
is not possible to operate the cupola on natural draft alone, and forced 
draft must be used. A sheet iron chamber, called a wind box, entirely 
encircling the lower part of the furnace, is used to distribute air under 
pressure to the different tuyeres at the base of the combustion chamber, 
but above the slag spout. A slag spout is used to tap the slag off the 
surface of the metal prior to pouring. A tap hole and spout are built 
on a level with the floor of the cupola. Cupolas are always built above 
the floor or over a pit so that at the end of a run the bottom of the 
cupola, which is built as two large doors lined with refractory, is 
opened and the dump falls out, being quenched in water. Before 
operating the cupola again, the slag is chipped off of the refractory 
and the bottom doors are again shut and cemented in place with 
fire sand. 

Operation. Although there are no set rules for the successful oper- 
ation of the cupola, the procedure is, in general, about as follows : the 
bottom doors of the cupola are propped shut and the bottom of the 
cupola is sealed with clay and sand. This bottom should be so built that 
the metal will drain through the tap hole, and it must be made of 
materials which will not fuse too hard to permit the dumping of the 
cupola at the end of the operation. 

The bottom of the furnace is charged wdth oily waste, shavings, 
and kindling, over which the bed of coke is laid. The coke is filled up 
to about two feet above the tuyere and the fire started through the 
breast opening. Natural draft only is used, the air entering the peep 
holes over the tuyeres, and the breast opening. As the fire gets up into 
the coke, the breast opening is closed with fire clay, leaving a small tap 
hole in line with the floor of the cupola. The spout is lined with fire 
clay and smoothed off so as to drain easily. The spread of the fire 
through the coke bed should be uniform and should proceed to the top 
of the bed in one to thfee hours. The bed charge of iron is then added, 
one to four pounds of iron being used to one pound of coke. This bed 
charge of iron and the succeeding charges of coke and iron should be 
put into the cupola as soon as the coke bed is burned through. When 
the charges have been made up to the bottom of the charging door, it is 
closed and the iron is allowed to soak in the heat of the furnace for 
about one-half hour. By this time the clay in the breast opening should 
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be dry, whereupon the peep holes nre (‘lostul atid the air ])last is 
turned on. 

Tn about ten minut(‘s more the metal slioiild bej^in to run out of the 
tap hole. The tirst fifteen to twenty-tivi* pounds will b(‘ too eold for 
easting and should be disea rd(‘d. T1 h‘ tap hol<‘ is tiuui closed and the 
hot molten iron allowed to a(‘.eumulate. 

Long iron bars are lused for tapping the nu^It, ean^ being exercised 
so as not to cause a sudden rush of iron, ddie iron should luin out in a 
smooth stream and when enough lias becm olitaiiuMl, th(‘ tap hole is 
again closed with a conical, clay hot stuck to the (uid of a st(){|f)ing bar. 
A stopping bar is a straight rod with a disk on tin* (unl, which forces 
the clay into the tap hole. A clay hot is mad(^ of a refractory plastic 
clay and about twice its weight of molding sand. 

The metal is conveyed from the cupola to the molds in ladh^s, which 
are sheet iron shells lined with refractory clay. Tlu^ scum iloating on 
the top of the metal is skimmed olT with a rod (uilltal a skinumu’, and 
the molten metal is poured into the sand molds. Tlie timiperalure of 
the metal must be right for pouring the kind of casting to b(‘ made. 
A thin light casting recpiires rapid pouring of hot nu^tal, hut a large 
heavy casting should be poured with a coohu- metal. Hot mi‘tal in large 
castings fuses the sand and produces too giaud a shrinkag(‘ of the 
casting. A mold must he filled without stopping or tlu‘ casting will 
be defective. 

Having used all of the iron desired or having irndtiMl all of the iron 
in the eupohij the excess is drawn oit and cast into pigs. TIu' blast is 
then shut off, the tuyere peep holes opened, and th(‘ props under the 
bottom doors removed. The residue which falls out of tlu^ bottom of the 
cupola is sprayed with water and any eoki' or iron sav(‘d for another 
heat. 

There are many problems involved in th(‘ ojxu'atiou of a cupola, 
e.g., the life of the refractox'y, the costs of find, llu^ impuritii‘s in the 
fuel, the most efficient operation, and the demand for tlu^ different 
types of castings, being only a few of the many faetors wliich must 
comsidered. 

Cleaning the Castings. After the castings have btuui shakim out of 
the molds and cooled, the fins, sprues, and otluu* projections are broken 
or ground off. Small castings are tumbled or rattled in a cylindrical 
rotating mill with small pieces of east iron and sometimes sand. If 
this process is carried on too long, the surfaces become peaned. This 
interferes with the sand blasting and cleaning of the iron. Chemicals 
are not usually used in the rattling of castings to be enameled. After 



CAST IKON, SHEET IRON, AND STEEL 


71 


the rattling operation the castings are dressed with grinding wheels, 
all projections, slivers, and lumps being ground down smooth. 

A coarse sand blast is used to remove the molding sand from large 
castings, such as bath tubs and other sanitary ware, which can not be 
rattled. This leaves the casting only partially clean, in which condition 
the projections are ground off with grinding wheels. It is in this 
condition that the castings are usually sent to the enameling shop, 
where they receive their final blasting and inspection before being 
enameled. 

CHEMISTRY OF SHEET IRON AND STEEL 

The selection of a good base of sheet iron or steel is essential to 
successful enameling. Two types of sheets are used, sheet iron enamel- 
ing stock and enameling steel. Typical compositions of these stocks are 
shown in Table 9. 


TABLE 9 

Typical Compositions for Enameling Sheets 

/ u HI ir 

Enameling Enameling Ena me.ling Ordinary 


Iron Steel Steel Steel 

Carbon 0.013 0.05 0.14 0.20 

Silicon trace trace trace 0.02 

Sulphur 0.02 0.035 0.043 0.05 

Phosphorus 0.0075 0.005 0.036 0.04 

Manganese 0.023 0.30 0.450 0.40 


Number I represents enameling iron which is very low in carbon 
and impurities. It is the best stock from the enameling standpoint, as 
there is less tendency for blisters, fishscale, and boiling from this metal 
than from the steels. It is used chiefly for table tops, refrigerator 
linings, signs, and other large ware because of its advantage of pro- 
ducing fewer defects in the enamel. 

Numbers II and III represent the compositions of good enameling 
steels used for some types of enamel ware. Enameling steels are some- 
what cheaper than enameling irons because of the longer period 
required to refine the latter in the open hearth, and the more rigid 
inspection which it usually receives. 

Number IV is an ordinary steel which can be enameled, but which 
shows a greater tendency toward enameling defects than the other 
three. It is a cheaper steel, but is not commonly used for enameling 
unless greater strength is required. Steels can be enameled with carbon, 
contents as high as 0.50 per cent, if the silicon is low% but the higher 
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percentages tend to produce numerous blisters. The steels containing 
the higher carbon contents can best be used with soft enamels, for the 
higher the temperature the greater the tendency toward blistering. If 
silicon is present, it may be counteracted by the presence of manganese, 
but an excessiye amount of the latter induces crazing. High silicon 
steels are to be avoided, silicon never being allowed to exceed 0.2 per 
cent. The amounts of sulphur and phosphorus occurring in commercial 
steels do not seem to affect the tendency for the enamel to blister. Many 
irons and steels contain n on-metallic inclusions of alumina, ferrous 
oxide, and manganese sulphide, but these constituents do not produce 
blistering. Small amounts of chromium, nickel, vanadium, molyb- 
denum, and cobalt do not cause the blistering of the enamel, but 
nitrides do have this definite tendency. 

Warpage of enameled sheets is much more common with steels than 
with the pure iron. This, however, may be due to other causes, such as 
the thermal expansion of the enamel, irregular heating and cooling, 
and the method of supporting the ware. 

The sheets of enameling iron, some as wide as seventy-two inches, 
come to the shop in large stacks. These sheets are cut to size to form 
blanks and are then fabricated. 

For the small cheap kitchen ware, tliirty-one gauge stock is used, 
while for larger ware, twenty-four to twenty-eight gauge is necessary. 
The heavy gauge iron makes a much more durable product and is the 
basis of chip-resisting enameled kitchen ware. It is possible to strike an 
enameled surface a severe blow with a blunt instrument, if the metal 
back of it is sufficiently rigid to resist deformation. Stove parts, small 
signs, and specialties use twenty to twenty-four gauge sheets. Eighteen 
to twenty gauge stock is used for table tops, refrigerator linings, and 
signs. Washing machine tubs and signs are made from sixteen to 
eighteen gauge stock, and for heavy ware such as chemical or food 
tanks as high as four to ten gauge, may be required. Table 10 gives the 
gauges for sheet metal. The physical appearance of enameling sheets 
is a smooth velvety surface, not spongy, but firm and fine-gx*ained. 

Forming. The forming of enameling shapes is usually done by 
cutting, punching, stamping, drawing, and spinning. The first opera- 
tion in forming the ware is that of Manking, which is cutting or 
stamping out a piece of the sheet which contains just enough metal for 
shaping the ware. In this operation the sheet is usually laid out so that 
the minimum amount of scrap is formed. Punching is an operation in 
which the holes are punched in the sheet. Too many sheets should not 
be punched at one time or ragged edges will be produced. Drawing is 
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the operation of cupping the sheet as a step in the formation of the 
final shape. Usually several drawing operations are required to obtain 
deep shapes, sometimes involving intermediate annealing operations. 
The steel will withstand a certain amount of stretching without tear- 
ing, but beyond this point an annealing operation is necessary to relieve 


TABLE 10 

Weight ahd Approximate Thickness of Sheet Steel 
United States Standard Gauge for Sheet and Plate Steel 


Number 

Gauge 

'Weight per 
square foot 
in pounds 
Avoirdupois 

Equivalent 
thickness of steel 
in decimal parts 
of an inch 

Approximate 
thickness 
hi fractions 
of an inch 

0000000 

20.0 

.4900 

% 

000000 

18.75 

.4594 


00000 

17.50 

.4288 

Vie 

0000 

16.25 

.3981 


000 

15.00 

.3675 


00 

13.75 

.3369 

m2 

0 

12.50 

.3063 

°Ae 

1 

11.25 

.2757 

%2 

2 

10.625 

.2604 


3 

10.0 

.2451 


4 

9.375 

.2298 


5 

8.75 

.2145 

%2 

6 

8.125 

.1991 

T-l 

7 

7.50 

.1838 

••Me 

8 

6.875 

.1685 


9 

6.25 

.1532 

%2 

10 

5,625 

.1379 

%i4 

11 

5.0 

.1225 

% 

12 

4.375 

.1072 

%4 

13 

3.75 

.0919 

%2 

14 

3.125 

.0766 

VCA 

15 

2.1825 

.0689 

to 

GO 

16 

2.50 

.0613 

Vie 

17 

2.25 

.0551 

Vieo 

18 

2.00 

.0490 

¥20 

19 

1.75 

.0429 

Vieo 

20 

1.50 

.0368 

%o 

21 

1.375 

.0337 

mz2o 

22 

1.25 

.0306 

¥32 

23 

1.125 

.0276 

%20 

24 

1.00 

.0245 

^/4o 

25 

.875 

.0214 

%20 

26 

.75 

.0184 

%eo 

27 

.6875 

.0169 

iy04o 

28 

.625 

.0153 

¥m 

29 

.5625 

.0138 

%40 

30 

.50 

.0123 

%o 
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the strains in the metal and prevent its rupture on further drawing. 
With the development of better drawing stock and methods, it is now 
quite common to dra-w washing machine tubs Avithout intermediate 
annealing operations. Spirming is an operation of rotating the drawn 
piece or the blank on a lathe and then forcing the metal to flow by 
means, of rollers pressed against the rotating metal. It is of especial 
advantage in making shapes like coffee pots, which have an opening 
smaller than the maximum diameter of the vessel. It is not possible to 
draw" sueh shai:)es. 

Beading is the turning of a bead on the rim of the w'are by rotating 
it and holding the edge in a set of rollers. These operations are all 
fairly simple, hut difficulties are often encountered in the making of a 
new shape or a change of the metal stock. The oils used must be of the 
soluble type to facilitate their removal before the enamel is applied. 

Welding can be done either by the elect rie or the oxy-aeetylene 
method. If the oxy-acetylene method is used, a neutral flame should 
be employed and, if the metal is to be enameled on only one side, it 
should be welded on the other. If it is to be emuneh'd on botli sides, the 
weld should be slightly built up to permit a. grinding aAvay of the 
surface where the fluxes ahvays tend to collect. TIu» w’cld rod should be 
of metal similar to that of the base metal stock. 

Electric -welding may be done by cither the arc or si)ot w^dd method. 
The former is used for heavy stock and makes a very satisfactory weld 
if annealed. The latter is more common, since it has been applied to 
machines whereby the spot w^elder acts as a stitch wudder in making a 
series of spots so close together that they touch. These wadds are very 
satisfactory for enameling. The spot weld is used quite extensively on 
thin stock and for welding lugs' in place. 
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Preparation of the Metal Surfaces 
for Enameling 

The metal shapes delivered to the enameling shop must be cleaned 
and prepared for the application of the enamel, as the quality of the 
finished ware depends greatly upon the character of the metal surface. 
Such defects as blisters, chips, poor adherence, and fishscale can be 
traced to this cause and much of the trouble encountered in enameling 
is related to it. There is probably no operation so easily slighted and 
requiring more rigid inspection than the preparation of the metal for 
enameling. It is the step in the process where many of the defects can 
be prevented before considerable expense has been put into the ware. 
If w^are showy's defects after the enameling has been completed, the 
cost of de-enameling and re-enameling is often so great that the ware 
cannot be economically reworked. 

The cutting, stamping, drawing, and spinning operations on sheet 
steel leave the metal coated with oil and during storage and trans- 
portation the surface often becomes dirty and rusty. This oil, dirt, 
and rust must be removed before the enamel is applied. 

Castings come from the foundry partially coated either with a thin 
scale and foundry sand or with the surfaces peened from the tumbling 
process. Mold marks, sharp edges, and fins must be ground off with 
grinding wheels and the surface cleaned thoroughly. Cast iron is 
practically always blasted clean with sand or steel grit, which leaves 
a slightly roughened surface most suitable for enameling. 

SHEET IRON AND STEEL METHODS 

The preparation of sheet metal surfaces for enameling varies with 
different types of ware, but the object is the same in all methods. The 
oil, deposited on the shapes during forming, the rust, and the scale 
must be removed, leaving a smooth but not polished surface. 

Methods. The oil can be removed from the surface by annealing, 
by scaling, or by means of a chemical cleaning solution. Organic 
solvents, such as gasoline, are seldom used because of the fire hazard, 
the cost, and the thin film which is usually left on the ware. 
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A7inealing is a heating operation, following the shaping of the 
iron, to remove any strains in the metal, and, since the metal is heated 
to redness, the oil is burned otf. Most ware does not require an anneal- 
ing operation ; therefore it is not as common as the other methods. 

Scaling consists of heating the stock in the presence of acid or 
sulphur fumes, primarily to clean the ware, although annealing is a 
secondary function. An oxide scale is, thereby, formed on the snr- 
face of the metal, the scale and dirt being consequently removed to- 
gether in the pickling operation which follows. 

Chemical cleaning is a washing operation to remove oil and dirt 
from the surface of the ware. The chemical cleaner is an alkali and 
soap solution, the alkali saponifying the soluble oils and the soap aid- 
ing in the emulsification of the oils and the removal of the dirt. 

Pickling is an operation in which acid solutions ar(' used to remove 
rust and scale from the metal surface. The pickle solutions, which 
are sulphuric or hydrochloric (raiudatic) acid, attack the rust and the 
iron under the scale. The formation of hydrogen gas at the metal 
surface loosens the scale, forcing it from the iron. The metal surface 
becomes slightly roughened because of the selective solution of the 
iron and the surface is left in a suitable condition for enameling. 

Sheet metal is sand blasted when large pieces of heavy gauge stock 
are used. Sand blasting is. not common, however, as most sheet iron 
is warped by the force of the sandblast. 

ANNEALING 

Annealing serves two purposes in enameling: (a) it removes 
strains in the metal; (b) it burns any adhering oil from the piece. 
It is commonly employed for sheet metal shapes which have been 
stamped or spun, but sometimes it is used for cast iron shapes. The 
temperature of annealing may vary with the thickness of the ■ware 
and the time allowed, but is generally red heat (1150 to 1400° F). 
The grease should be completely burned from the ware, which is evi- 
denced by the cessation of flames and fumes, the metal reaching a 
cherry-red heat. Five to ten minutes are generally required for this 
operation. 

The metal should be stacked so that all surfaces are exposed to 
the furnace atmosphere, resulting in a complete oxidation of the 
and carbon. If the ware is annealed at too high a temperature the 
scale is fused to the metal and is very dilBeult to remove in picklingv 
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SCALING 

Scaling is closely related to annealing, but the object is in some 
respects different. In scaling it is desired to form a soft scale of 
oxide all over the ware. This forms readily if the furnace atmosphere 
contains acid or sulphur fumes. It is common to scale in a continu- 
ous furnace, the acid being sprayed on the ware as it passes into the 
hot chamber. In such cases the ware travels on a chain conveyor 
through a tunnel over the hot zone. If sulphur is used in the scaling 
furnace, one should be cautious, as a very small percentage of sul- 
phur accidentally contaminating the atmosphere of an enameling fur- 
nace will produce pitting and scum. It is better not to burn sulphur 
in the vicinity of an enameling furnace. Waste pickle acid is often 
used as the source of acid for the scaling operation. Scaling is used 
chiefly where annealing is necessary, but compared with chemical 
cleaning it is relatively expensive. 

THEORY OF CHEMICAL CLEANING 

The chemical cleaners are alkaline solutions containing colloidal 
material, which depend for their action upon the phenomena of saponi- 
fleation and emulsification. 

Saponification is the chemical reaction between the alkali of the 
cleaner and the fatty acid of the oil to form a soap and glycerine. The 
soap formed in the cleaner solution is soluble and can, therefore, be 
readily rinsed from the ware. 

Emulsification is the phenomenon of bringing one liquid into sus- 
pension as minute droplets in another liquid. The oil as well as the 
dirt from the iron is suspended in the cleaner solution by this reaction. 

Saponification and emulsification work together in the cleaning 
operation. The alkali not only promotes the saponification but it also 
influences the emulsification. Likewise, the resulting soap lowers the 
surface tension, bringing about emulsification, and by doing this it 
presents a greatly increased oil surface to the alkali, thereby aiding in 
the saponification. 

The ionization of the alkali present in the cleaner solution is of 
primary importance, for it is only the ionized alkali that is active. 
Figure 36 shows the range of the hydrogen ion concentration (pH 
value of the typical industrial cleaner solutions. 

The hydrogen ion concentration of cleaner solutions depends on 
both the amount and the kind of alkali used. The pH value of a solu- 

* The pH value is the negative log of the hydrogen ion concentration. It indicates the 
acidity or alkalinity of a solution. 
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tion does not generally increase in proportion to the eoneentration ) 
Tins is because only a part of the alkali ionizes, some remaining I 
solution in the molecular condition. For example,, sodium hydroxide 

FKJUEE ‘Mk 

Alkalinity I^^ange of Industkial (•i.eankks (rll Vauie)^ 
pH 

7 8 9 10 11 11! 1:j 

Acid Neutral Strong S(»ap 

< ><— — — 

Sonps Soaps Soaps Coin])osit ions 

Soft Light Duty Plat ‘Vs 

< ^ 

Cleaners Cleaners Cleaiu*i*s 

Heavy I >iity 

—4 

Cleaners 

ionizes in water as follows: Na01I:?=iNa' + The reaction is 

reversible and both molecular and ioniz(‘(l sodium hydroxide are 
present. Figure 37 shows the pll values of a numlnn- of eompoimds at 
varying concentrations. 



PiouEE 37. Alkalinity and Acidity (pll Value) of Different 
Compounds at a Given Temperature.® 

^ R, W. Mitchell, The Cleaning of Metal, Metal Cleaning and Kiniahing, Jan. 1030, 
* Ibid. 
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Ionization increases with an increase in temperature; which ac- 
counts for the greater chemical activity of many solutions when 
heated. 

The diagram in Figure 38 shows the relation between the pH 
value; the degree of ionization, and the concentration of sodium 
hydroxide solutions at a temperature of 70° F. The per cent ioniza- 
tion is decreased with the increase in concentration while the pH 
value is increased quite rapidly at first and then remains nearly con- 
stant. 

100 



CONCENTRATION GRAMS NaOH PER LITER 


Figure 38. Ionization of Sodium Hydroxide. 

The fact that different materials ionize to different degrees is 
taken advantage of in the making of cleaners. Salts which have this 
property to a marked degree form what are called buffer solutions. In 
such solutions the ions that are removed by chemical reaction are 
constantly replaced by the further ionization of the reserve portion of 
the salt. The pH value is, therefore, kept constant even when the 
ions formed are being constantly consumed by the action of the solu- 
tion. For example, the salt, disodium phosphate, is used in cleaners 
to form a buffer solution. The reaction is illustrated by the follow- 
ing equations: 

Na^HPO^ = 2 Na" + HPO,- 
HOH=:OH--fH" 

H-^ + HPO^-— H2PO4- 
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Added NaOIi is absorbed thus : 

NaOH + ILPO,- = Nat + IlPO,- + 11,0 
Added IICI is absorbed thus: 

HCl + Oil- = Cl- + IloO 

and by hydrolysis of the NaoIIPO.t, OIP is agiun formed to replace 
that consumed. 

The dia^^ram in Figure 39 shows the (‘(feed, of adding acid and alkali 
to buffered and non-biiffered solutions. 



Fkujrk SI). 

The Effect of Buffer Solutions.* 


Given two solutions, one buffered and the other not buffered, with 
a pH of 10.5, the diagram shows that an addition of A amount of acid 
to the unbulfered solution lowers the pi I to 10, while an addition of a 
much greater amount is necessary to lower the pll an (K|uivalent 
amount with a buffered solution. 

Likewise, an addition of B amount of alkali raiscis the unbuffered' 
solution to a pH of 11, while a much larger amount is r(‘(iuirod to 
raise the pH of the buffered solution an ecpuvakmt amount. 

Cleaner solutions are all buffered solutions, since it is desirable to 
keep the pH value as constant as po^ssible. The materials commonly 
available for cleaner solutions are showxj in Tal)l(^ 11. 

When any material has a state of subdivision giving particle sizes 
between one millimicron* and'one Imndred millimicrons in diameter, 
it is considered to be in the colloidal state. All cleaning solutions 
contain colloids as finely divided suspensions or emulsions. The col- 

% 

» Ibid, I 

* A micron is one thousandth of a millimeter, and a millimicron is one thousandth, ot i j 
micron or one millionth of a millimeter. 
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loids commonly used in cleaner solutions are listed in Table 12. 
Although these materials are used for their colloidal properties, they 
are mildly alkaline. 


TABLE 11 


Inorganic Compounds Used in Cleaner Solutions 


Caustic soda 

Caustic potash 

Ammonia 

Sodium carbonate 

Sodium carbonate (hydrated) 

Sal soda 

Sodium bicarbonate 

Sodium sesquicarbonate 

Potassium carbonate (also hydrates) 

Ammonium carbonate 

Disodium phosphate 

Trisodiiim phosphate 

Sodium tetraborate (borax) 

Sodium metaborate 

Sodium aluminate 

Sodium cyanide 

Sodium silicates 

Sodium metasilicate 

Sodium potassium carbonate 


,NaOH 

.KOH 

.NH 4 OH 

.Na.COr, 

.Na.CO«-HoO 

.Na.CO3-I0H.O 

.NaHCOs 

.NaHCOa-Na.COa-2 H,.0 
.K.CO 3 

.(NH4)2C03 
.Na«HP04 *12^.0 
.Na3P04-I2 HaO 
.NaaB^Or-lO ILO 
.NaBOa-2 H.O 
..NaAlOa 
,NaCN 

.Na.O • SiO-. to 4 Na^O • SiOa 

.NaoO-SiO.-SH.O 

.NaKC0a*6H,0 


Colloidal 

Sodium oleate 
Potassium oleate 
Ammonium oleate 
Sodium linoleate 
Potassium linoleate 
Ammonium linoleate 


TABLE 12 

Materials Used in Cleai 

Sodium stearate 
Potassium stearate 
Ammonium stearate 
Sodium palmitate 
Potassium palmitate 
Ammonium palmitate 


ER Solutions 

Rosin soaps 
Sulphonated oil 
Pectie acid 
Starch 
Gums 

Amino acids 
Clays 


The soaps function in the cleaner by lowering the surface tension 
of the solution, thereby bringing about the emulsification. Figure 
40 shows the effect of soap on the surface tension of water at 23° C. 
Note that the surface tension drops nearly to a minimum with the first 
0,1 per cent addition of soap. 

According to the present theory of the action of the soap in emulsi- 
fication, the soap acts as a sort of introducer between the water 
and the oil. The soap molecule is soluble in the oil at one end and 
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insoluble in the oil at the other end. A graphic representation of 
sodium stearate is as follows : 


II H II H H H II 11 II IT II H It II II II n 0 

I I I I ! I I I i I I i I I I I I 

li-- C-C-C-C-C-C-C-C-C-C-C-C-C-C-C^-d-C 

1 I I I I I I I I I I 1 I I I I I ,, ,, 

H H H H H II H II II II II II 11 H II 11 II 0 Na 


< 


The long acid part of the molecule is soluble in the oil while the 
sodium part is not. This results in the molecules arranging themselves 
at the interface of the oil and water, forming a thin film which pro- 
motes emulsifieation. This film gradually penetrates between the oil 



PER CENT CONCENTRATION OF SOAP 
(Sodium 01(?aL(‘) 

Figure 40. The Effect of Sonp on the Sturface Tension of Water. 


and the metal, loosening* it, thereby throwing the oil as globules in 
suspension in the cleaner solution. Figure 41 shows a graphic illus- 
tration of how these molecules work on the oil, loosening it from 
the ware. In other words, by the formation of this film over the oil 
the interfacial tension between the oil and the metal is overcome and 
the oil is pulled away from the metal surface. This emulsification is 
accelerated by an increase in temperature and is preserved by agita- 
tion. Soap solutions, because of their low surface tensions, penetrate 
into the many small capillary openings in the metal and clean very 
thoroughly. An increase of temperature decreases the surface tensip 
of alkaline soap solutions. 
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The soaps used for cleaning are limited to the sodium, potassium, 
or ammonium compounds, as these are the only ones soluble in water. 
The ammonium soaps are, however, not stable and are seldom used. 
The fatty acid end of the soap may be any of a great variety of 
vegetable or animal oils or greases and has a profound effect on the 
properties of the soap, influencing its ability to emulsify the oil, its 
solubility, and its rate of activity. A satisfactory soap must have good 
rinsing properties and must not become curdy or sticky. 

Since soap in the cleaner solution is at least partially formed by 
saponification of the oil on the ware, the choice of these oils is always 


nrrrTTTTm 


Oil 


Solution a consideration in the cleaning problem. 

The lubricants used in the stamping, 
drawing, and spinning of metal shapes 
involve various combinations of oils, fats, 
and greases. A good lubricant forms a 
continuous adhering film on the metal, 
protecting both it and the tools from 
excessive friction. The abilities of these 
oils to form continuous films with good adherence varies greatly with 
the different oils and with the surface characteristics of the metal. The 
animal and vegetable oils seem to have a greater film forming capacity 
than the mineral oils and are more readily removed in the cleaning 
process. 


Metal 

Figure 41. Graphic Repre- 
sentation of the Action of the 
Soap Molecules at the Oil- 
Water Interface. 


The cleaning of the metal involving the removal of the oil depends 
to a considerable extent on the oils and on the nature of their adher- 
ence. The phenomena of saponification and emulsification must work 
together. If the oil is a pure mineral oil, the cleaner solution must 
have a low interfacial tension to accomplish effective wetting. Emulsi- 
fication is the more important action in this case as the oil must enter 
the cleaner by emulsification alone, which is a very slow process, even 
when the solution is hot and well agitated. There is always a tendency 
for the emulsion to break when thus formed, producing a layer of oil 
on the surface of the bath. If this process could be made to operate 
rapidly and the oily layer could be continuously removed, the opera- 
tion would be ideal. However, it is slow and uncertain and therefore 
it is undesirable to use mineral oils alone as lubricants on metals which 
are to be chemically cleaned. 

If saponifiable oils, which are essentially glycerides of the fatty 
acids, are used alone, they are readily converted into soaps by the 
alkali cleaners. Since the alkali (sodium ion) used forms soluble 
soaps the solution of the oil is quite simple. Here again a difficulty 
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appears, however, as large aiaoxiiits ot* soap in the solution result in 
excessive foaming. A combination of saponifiable and non-saponifiable 
oils is, therefore, more desirable since it ])ennits both saponification 
and emulsification to work at maxiinuin efficiency. The oils of either 
type are emulsified to a certain extent. The surface ar<'n is greatly 
increased by this change and saponification of tlu^ fatty oils progresses 
very rapidly. This results in a lowering of the interfaeial tension of 
the solution because of the additional content of soa]), which in turn 
promotes further emulsification of the oils. The emulsions are more 
stable and the cleaner works at maximum (‘ffieiency. 

The removal of the outer layei* of the oil film is not v(‘ry difficult, 
but it is the removal of the elosoly adluu’ed laytu- that r(‘(|uires the 
most efficient cleanei*. The closely adhered oil is believed to be in 
some sort of a chemical eoinbiaation witli th(‘ iron, as an iron soap or 
iron salt such as iron oleate„ Avliieli must be brok(‘u down ])y chemical 
action before it can be removed. It may aid the umbM-standing of the 
problem to consider that in applying the oil to tln^ iron the greatest 
possible adherence is desired; hence in removing it, the solution must 
exert an even greater pull to get it away from th(‘ iron. If the lubri- 
cants contain metallic soaxos, jugijment.s, and drying oils, they may 
require additional chemical action to free them, but such compounds 
have no place in enamel practice. 

The free rinsing of the cleaner solution from th(‘ nu^tal shapes is 
important, but should not cause difficulty unl(‘ss insol iibh‘ soaps are 
formed. The rinse should be complete, oth(U‘wis(‘ the soap will be 
carried over into the pickling: bath, ncnitralizing il and interfering 
with good ox^eration. 

Since the work accomxolished by dill’ertuit cleaners varies, no single 
composition can be given which will serve all purposes. The method 
of operation, the nature of the dirt or oil to be remov(Hl, and even the 
nature of the ware to be cleaned, infiu(uie(‘ th(‘ choi(*t‘ of eh^aners. 
The methods of testing the cloaiUM; solutioti an* giv(*n on page* 101. 

ELECTROLITTIC CLEANING 

Electrolytic cleaning is similar to flu* r(‘gular cluunieal cleaning, 
except that the reactions ax*e accelerat(Hl by the flow of an tdectric cur- 
rent through the bath. The wai'c is generally made the cathode and 
the metal tank the anodc^ although in special cEkScs this is reversed 

The alkali content of the bath should be five or six ounces to the 
gallon with a pH value of abouit twelve. This gives the bath good j 
electrical conductivity which is necessary to avoid a high voltage 
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drop through the solution. Six to twelve volts are generally employed 
with a current density of about ten amperes per square foot on the 
ware. Too low or too high a current density slows down the opera- 
tion. If the current density is too low, the activity is sluggish ; and if 
the current density is too high^ the violent gas evolution produces a 
film over the ware, which develops a resistance to the current flow. 
In electrolytic cleaning the soap content of the solution should not be 
over one fourth of a per cent or it will cause sliming. Chlorides, sul- 
phates, and heavy metal hydroxides should be avoided as they corrode 
the anode tank. The solution is usually hot, but agitation is derived 
entirely from the minute bubbles at the surface of the ware. It is the 
mechanical action of these bubbles in throwing the grease and oil into 
the emulsion that greatly accelerates the electric cleaning operation. 
In addition, however, the alkali content is increased at the cathode 
which thereby accelerates its activity. 

Electrolytic cleaning is much more rapid than still cleaning and 
is, therefore, becoming more common, especially where continuous 
automatic cleaning equipment is being used. 

THEORY OF PICKLING 

To remove rust and scale from the metal ware it is pickled in an 
acid solution. The acid dissolves the rust and attacks the iron, liberat- 
ing hydrogen gas which forces the scale from the surface. The most im- 
portant part of the pickling process is the removal of this scale from 
the metal. Most of it falls to the bottom of the tank forming a sludge. 
Three different oxides may be present on the iron to be pickled : hy- 
drated ferric oxide (Fe203*3H20), anhydrous ferric oxide (FeaOg), 
and magnetic iron oxide (Feo04). The first type (FcoOg-SHyO) is 
ordinary water rust and is quite soluble in the pickle acid. The 
second type (FcgOg) is the hard brown rust formed on long standing. 
Much of this rust is dissolved in the pickle solution, but some settles 
to the bottom of the tank. The magnetic iron oxide is the high tem- 
perature form, or black scale. It dissolves only very slowly and makes 
up most of the sludge in the bottom of the tank. 

The pickle solution usually consists of about six per cent sulphuinc 
acid, or about eleven per cent of hydrochloric acid, with water and an 
inhibitor. In rare cases hydrofluoric acid, and also nitre cake (sodium 
acid sulphate) are used. 

The rate of the attack of the acid on the iron is determined to a 
great extent by the hydrogen ion concentration of the solution, which 
depends upon the kind of acid, the temperature, the presence of com- 
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mon ions, and to the concentration of the acid in the solution. Sul. 
phuric acid ionizes only to a limited extent as follows : 

H.SO4 ^ HSO4-, SO," 

Sulphuric acid is, therefore, in solution as molecular sulphuric 
acid, H2SO4, and the ions, HSO4”, and The molecular sul- 

phuric acid acts as a reserve, furnishing new ions as the hydrogen ions 
in solution are removed by reaction wdth the iron or iron oxides. 
The amount of ionization is dependent (other things being constant) 
on the H+ ions and the 804“ " ions present in the solution. The addi- 
tion of SO4"" ions in the form of a salt such as ferrous sulphate for 
example depresses the ionization of the sulphuric acid. This is caused 
by the fact that the ferrous sulphate ionizes readily into Fe+-^ and 
SO4"" ions, thus building up an ion common with one of those, 
SO4"", of the sulphuric acid. This phenomenon is called common ion 
effect. Since ferrous sulphate is formed in the pickling operation it 
accumulates with the use of the pickle bath and finally reaches a 
concentration where it depresses the ionization of the acid to such an 
extent that the solution must be discarded. 

A concentrated solution of sulphuric acid ionizes only to a slight 
extent and, therefore, attacks iron only very slowly. A dilute solution, 
however, ionizes much more and attacks iron more rapidly. The 
curves in Figure 42 show the hydrogen ion concentration of sulphuric 
acid and the per cent active acid present for different concentrations. 
It is apparent that the maximum hydrogen ion concentration for sul- 
phuric acid is obtained when the acid strength is about twenty-two 
per cent. 

This, therefore, is the concentration representing the most active 
strength and fastest rate of pickling with sulphuric acid. In pickling 
practice, however, such high concentrations are not xised because of 
the excessive fuming of hot acid and the danger of some of the evolved 
hydrogen being absorbed by the iron. Concentrations of five to eight 
per cent are much more common. 

As the temperature is increased in solutions of sulphuric acid, the 
hydrogen ion concentration is slightly decreased, but the increase in 
the mobility compensates for this in pickling practice. At room 
temperatures sulphuric acid solutions are less mobile and the speed 
(rate of movement) of the ions is very slow. In other words an in- 
crease of the temperature lowers the viscosity and the speed of the 
ions is increased to such an extent that the attack on iron is increased, 
even though the hydrogen ion concentration is lower. Sulphuric acid 
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pickle solutions aie usually heated to 140-150° F to obtain rapid yet 
controllable operation. The use of higher concentrations at lower 
temperatures is not satisfactory because of the reduced ionic mobility 
which is intensified by increased concentrations. 

The use of suLpliuric acid, therefore, calls for not only an under- 
standing- of the iouLzation which limits the concentrations of acid and 
of by-products of tlie pickle reaction, but also an appreciation of the 
influence of temperature on the mobility, fuming tendency, and the 
general aetirity of the acid. 
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Figure 42 . 

Ionization of Different Strengths of Sulphuric Acid. 


Hydroehloric Cti^Ri^iatic ) acid differs from sulphuric acid in that 
it ionizes almost completely even when present in quite high concen- 
trations. It forms very mobile solutions even when cold, does not 
fume in dilute soLulions, and need not be heated. The hydrochloric 
acid (HCl) ionizes into ions of IT^ and Cl". In the pickle reaction the 
iron is attacked vrith a formation of FeClg and hydrogen gas. The 
FeCl 2 ionizes into and Cl", the Cl" being a common ion with the 
Cl" of the hydroehloric acid. The hydrochloric acid solutions are 
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used at room temperature and vary between ten and sixteen jDer cent 
in concentration. They are used to a considerable extent in pickling 
iron for enameling. 

The use of salt (NaCl) with the sulphuric acid bath is based on 
the reaction between salt and sulphuric acid to form hydrochloric 
acid. 

NaCl + H^SO, = NaHSO^ + HCl 
NaCl + NaHSO^ = Na^SO^ + HCl 

According to the first equation, one molecule of hydrochloric acid 
is formed from each molecule of sodium chloride, but the reaction 
in the second equation probably does not contribute much hydro- 
chloric acid as it is very slow at pickling temperatures. In such 
solutions the combined action of sulphuric acid and hydrochloric acid 
is obtained in pickling. The rate is intermediate between that for 
hydrochloric acid and that for sulphuric acid. Sodium chloride added 
to the sulphuric bath, therefore, increases the rate of pickling because 
of the accelerated rate obtained by the formation of hydrochloric 
acid in the solution. 

In an attempt to reduce acid expense the by-product, nitre cake, 
has been used. It is a sodium acid sulphate containing about 65% 
sodium sulphate and 35% sulphuric acid. It is evident, on consider- 
ing the ionization of these two constituents, 

Na 2 S 04 -»Na% SO,- 

so,- 

that the sodium sulphate is a hindrance to the action of tlu^ sulphuric 
acid. The sodium sulphate produces the common ion SO.f" ; therefore, 
it inhibits the ionization of the sulphuric acid. Wluvre nitre cake is 
used, high temperatures must be employed to obtain rapid pickling of 
the iron. 

Inhibitors are organic materials such as molasses, starch, spent tan- 
ning liquors, rye flour, and sulphite liqxior, which reduce tlie amount 
of iron dissolved in the pickling operation. Their function is not 
generally thought to be chemical but rather of a physical or colloidal 
nature. They probably accomplish two objectives, that of forming a 
film over the bath, which reduces the amount of fuming of the acid 
and that of inhibiting the solution of the iron where its cleaned surface 
is exposed to the solution. This latter effect results in a saving ot, 
both acid and metal and it tends to prevent uneven pickling a:®! 
excessive pitting. 
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In such colloidal additions there is always present the electrical 
effect of differently charged particles. The colloidal material in the 
pickle solution is attracted to the iron freshly exposed by pickling 
and a thin film of the colloidal material, therefore, forms an envelop- 
ing layer which protects these spots from further action. Such con- 
ditions, therefore, permit the use of stronger and more rapid pickle 
solutions. The inhibitor, however, if added in any appreciable 
amounts, slows down the pickling rate of a given strength of solution. 
This is probably because of the tendency for the colloidal material to 
coat the parts of the metal not thoroughly cleaned. It is necessary 
in the use of inhibitors to strike a balance between the two extremes ; 
one in which no inhibitor is used and where the attack of the metal is 
encountered, and the other in which the rate of pickling is sacrificed by 
an excess of the inhibiting action. 

ELECTROLYTIC PICKLING 

Electrolytic pickling has not met wdth great favor in the enameling 
industry. Two different methods are possible, the anode and the 
cathode process. The less common and less understood is the cathode 
process in which the iron is made the cathode and an insoluble anode 
is used. Although sulphuric or hydi'ochloric acid solutions are used 
in this process, the entire pickling operation is different from the 
chemical method. The most common theory of the process is that 
the sulphuric acid is electrolyzed and hydrogen is deposited on the 
ware. This hydrogen reduces the oxides of iron and ferrous sulphate 
is formed. The iron itself is supposed not to be attacked, its solution 
pressure being supposedly completely stopped by the opposing electro- 
motive force of the electric current. 

Anode pickling is similar to the regular chemical process. The 
ware is made the anode and the tank the cathode. The electric cur- 
rent of low voltage accelerates the pickling action in that it acceler- 
ates the speed of the ions. A thin layer of iron is dissolved with the 
evolution of hydrogen as in the chemical pickling process. 

The absorption of hydrogen in pickling is a common phenomenon, 
especially with steels. The hydrogen evolved in the pickling process 
is sometimes partially absorbed by the metal sheet, especially where 
strong acid solutions or rapid pickling are employed. This hydrogen 
not only affects the properties of the steel, causing a brittleness called 
acid brittleness, but it causes blistering in the enameling process. An 
excessive pickling rate should, therefore, be avoided. Staley recom- 
mends a hot water dip to free the iron from the hydrogen absorbed. 

^Staley, H. P., Theory of Pickling of Sheet Iron and Steel for Enameling Purposes, 
J. Am. Ceram. Soc. 9, 787 (1926). 
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PROCESSES FOR THE PREPARATION OF 
SHEET METAL SURFACES 

The preparation of sheet iron and steel for enameling is subject 
to considerable variation as shown by the flow sheet in Figure 43. In 
the smaller enameling plants the work is done by hand and the equip- 
ment is limited to . a series of tanks containing the various solutions 
with possibly an overhead crane to transfer the ware in baskets from 
one tank to another. In the larger, more modern plants the entire 
operation may be made automatic. A continuous conveyor is used to 
move the ware in the tanks and transfer it from one to another in a 
definite time cycle. The concentrations and temperatures of the baths 
may be automatically controlled and the ware produced in a sys- 
tematic, uniform, and efficient manner. All variations between these 
extremes are to be found in different enameling shops, the amount of 
production, the type of ware, and the economic factors controlling the 
selection of equipment. In any installation a straight line system 
should be used. 

Operations. Before any of the sheet metal parts are sent to the 
cleaning operations they should be inspected and all defective ware 
either repaired or discarded. In the repair department, welding, grind- 
ing, and straightening equipment should be available. The welds 
should be inspected for leaks or weaknesses. They should be smoothed 
down and any projecting fins of metal ground or cut olf. Dents 
should be removed from the ware and it vshould be inspected for 
size, warpage, and shape. After passing inspection the ware is ready 
for the cleaning operations. That to be annealed or scaled is sent to 
the ovens and that to be chemically cleaned is sent to the cleaning de- 
partment. 

The ware to be scaled or annealed is loaded either on the continu- 
ous conveyor passing through the oven or on the charging rack for 
the intermittent process. The ware must, in either case, be stacked in 
such a way as to permit a free circulation of air in and around it 
This facilitates the rapid burning off of the grease and more uniform 
heating. The grease on ware that is stacked together tends to carbon- 
ize and burn into 'the iron, making the pickling operation very diffi- 
cult. The ware that is scaled and annealed is usually taken to a 
temperature of red heat which rapidly burns it clean. Higher temper- 
atures are objectionable because they cause excessive oxidation ami 
burn the scale into the iron. The ware is then difficult to pieB^ 
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requiring an excessive length of time, and it often becomes pitted. 
In the scaling operation acid fumes or sulphur are introduced into 
the furnace. This is usually accomplished by spraying the ware with 
waste pickle acid as it enters the furnace. The acid vaporizes and 
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forms a loosely adhering oxide scale over the iron, if not heated to too 
high a temperature, and in pickling this scale comes off in large flakes. 

Scaling is desirable as a cleaning method because it removes all 
of the dirt, and at the same time anneals the metal. It is objection- 
able from the standpoint of cost and the equipment required. 

Ware to be cleaned chemically is loaded into Monel metal baskets 
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which carry it through all of the cleaning, pickling, and rinsing oper- 
ations. It should be packed carefully in these baskets so that the 
solutions can have access to every part and cover every surface. With 
pans and similar shapes all chances for entrapping air when immers- 
ing the basket in the solutions must be avoided. With sheets, spacers 
must be used to prevent them from lying flat against one another. 
Most pieces are placed on edge, but judgment and care must be used. 

Monel metal baskets are generally used for these operations as 
they are resistant to all of the solutions of the cleaning and pickling 
process. Monel metal is an alloy of copper, nickel, and iron, none of 
which is objectionable even when dissolved to a slight extent in the 
solutions. 

The basket of ware to be cleaned is first immersed in the boiling 
alkali cleaner solution, which is agitated by steam or mechanical 
means. The oil and grease are removed from the ware in a period of 
from ten to twenty-five minutes, depending upon the many factors 
already discussed. Any oil or grease rising to the surface of the solu- 
tion should be skimmed off before removing the ware. 

On removal of the ware from the cleaning solution it is allowed to 
drain into the tank. The solution should run off the ware without 
the formation of breaks. If the ware is not clean the solution will run 
off the oily parts first and show an irregular draining called break- 
ing, but if the solution is in good condition and the practice right, 
breaks should not appear. Ware that shows breaks on draining should 
be returned to the solution until it is clean. 

From the cleaner solution the ware is transferred to the rinse, 
which is a tank of flowing water. On immersing the basket of ware 
in the rinse most of the cleaner solution adhering to it will come to 
the surface of the water. Time is then allowed for this oily scum to 
pass off' the surface and down the overflow. The basket of \var(i is then 
raised out of the rinse and, after draining, it is transferred to the pickle 
bath. Ten to twenty minutes are usually required to dissolve the rust 
off the iron and to eliminate the scale in the sulphuric acid pickle. A 
five or seven per cent solution is commonly used and this bath should 
be at a temperature of 140 to 150° F. 

In the hydrochloric acid bath the temperature is usually at about 
that of the room and the time required is slightly longer than that 
for sulphuric acid. The concentration of the bath is about eleven 
per cent. 

In either method of pickling, the ware is left in the bath until 
it is free from rust and scale and then it is withdrawn and momentarily 
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allowed to drain, after which it is promptly placed in a running water 
rinse. The excess acid and ferrous sulphate are dissolved by the water 
and carried off. 

On removal from the rinse the ware is momentarily drained and 
then immersed in the neutralizing bath which is hot (150 to 160° F) 
and not flowing. In this bath the last traces of acid are neutralized. 
If the bath is too hot the ware takes on a dark brown color. After 
neutralizing, the ware is drained and then transferred to a hot dryer 
with good air circulation, so that the ware will be rapidly dried to 
avoid the tendency to form an excessive amount of rust. When dry 
the ware should have a light straw color caused by the thin film of rust 
which is always present. 

The Cleaning Equipment. The room devoted to the preparation 
of the iron surface for enameling should be isolated from the rest of 
the plant; it should be well ventilated and well lighted. In many of 
the older shops this department was placed in some dark corner or 
shed that could not be used for other purposes. This department, 
however, because of the fumes and steam which necessarily arise from 
the baths should be given good ventilation to improve the conditions 
for the workmen and to reduce the corrosion of the equipment. It 
should be isolated from the rest of the plant to prevent the fumes 
entering the plant proper, because of their effect on both the equip- 
ment and the ware being processed. The building may be of steel, 
brick, or wood. All steel and wood parts should be painted with an 
acid-resisting paint. A paving brick floor is preferable with ample 
drains and slope to facilitate flushing, which should be frequent. 
It is best located on the ground floor with plenty of head room for 
cranes and ventilation. Ample roof ventilators should be provided. 

Chemical cleaning tanks are usually made of iron or steel, designed 
in the most convenient size and shape for the ware being produced. 
They are heated by either steam coils, steam jets, or hot flue coils. 
Steam coils are quite common and are used especially where waste 
steam is available. A vertical metal plate or shield which extends to 
the ends of the tank, but only to within six inches from the bottom 
and a few inches below the surface of the bath, is usually installed 
in front of the coils to aid the circulation of the solution. An over- 
flow and discharge connection is provided. In designing a tank such 
considerations as size, shape, material, type of ware, discharge, drain- 
age, heating, location, floor loads, cost, and overhead are important. 

The steel tanks used may be either riveted or welded, the former 
being the stronger and the latter the tighter. All pipe joints should 
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be welded or tightly caulked. The thickness o£ the metal required de- 
pends upon the size of the tank and the tendency toward warping. 
If ordinary carbon steel is used, rusting is very bad, but some of the 
rust-resisting steels are quite suitable. Although steel tanks can be 
heated from outside, they are usually heated by means of coils. Steam 
jets for heating the solution have the advantage of contributing con- 
siderably to the agitation. The jets are usually in the bottom of the 
tanks, permitting the steam to rise through the bath, thus heating it 
very efficiently. One objection to this type of heating is the water 
condensed from the steam which may dilute the solution. A certain 
amount, however, is not objectionable, since it makes up for the water 
evaporated from the bath. A balance is difficult to maintain, how- 
ever, and the use of the steam jet is not popular. 

In plants where waste steam is not available, combustion gases are 
sometimes used to heat the bath. Pipe coils enter the bottom of the 
tank and rise as a stack above it. Gas is burned at the lower end of 
the coil, the products of combustion and heat passing up through it, 
thereby heating the bath. This type of installation has become quite 
popular in certain localities. 

The cleaner solution varies with the cleaning problem and, there- 
fore, cannot be definitely specified. Having selected a cleaner and 
the strength to be used (possibly eight ounces per gallon), the usual 
procedure of making up a bath is to fill the tank about one-half full 
of water and heat to boiling. The cleaner is then added slowly (too 
rapid addition may cause spattering from the formation of steam) 
and scattered over the sui'face. ‘Water is finally added to bring the 
solution up to the working level and the bath is then heated to boil- 
ing. If the bath does not boil, some other form of agitation is neces- 
sary. The bath is sometimes agitated by forcing air in at the bottom 
of the tank. In other shops mechanical are employed, 

but if a boiling solution is used and the tank is properly designed, 
additional agitation is not necessary. 

The amount of cleaner to be added to the bath during use depends 
upon the amount and condition of the ware. This can be determined 
to a certain extent by titrating with acid or using cleaner pills as 
described on page 103. A cleaner bath, however, becomes loaded witli 
grease and oils which make it unsatisfactory for use. The watel 
break test described on page 103 is the most satisfactory, because it is I 
simulated service test. Fresh cleaning solutions should be made wheja^ 
ever necessary, as good work cannot be done with poor solution^^ 
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Rinsing. Rinsing is an essential part of the cleaning. The ware 
comes from the cleaner bath with a thin layer of cleaner on its surface 
and in the pores of the metal. This layer must be rinsed off thor- 
oughly, since it would produce oil on the ware if carried over into 
the acid pickle solution. The rinse is preferably made in running- 
water, the w^armer the better. A still bath, even if hot, does not make 
a good rinse. The ware on entering the rinse loses its film of cleaner 
which tends to rise to the surface of the bath and, if the circulation 
is good, this layer should float off the bath to the overflow before the 
ware is withdrawn from the rinse. If the ware is dipped in the rinse 
and removed without allowing the surface to clear, it is liable to take 
up some of the cleaner again on removal from the bath. A good rinse 
not only puts the ‘ ware in a better condition for pickling, but it 
eliminates the danger of contaminating the pickle bath with cleaner 
solution. 

Pickling. Pickling tanks differ from cleaner tanks in that they 
must withstand hot acid solutions. Wood, lead-lined, or acid-proof 
stoneware tanks are used. The wooden tanks are usually of cypress, 
built quite heavy with acid-proof tie rods. Lead-lined wooden tanks 
are used to some extent although they are not as common as the for- 
mer. The lead lining must be protected by wooden guard strips to 
avoid being damaged by the pickle baskets. The same precautions 
as mentioned for the cleaner tanks should be considered in the design 
or selection of the acid pickle tanks. Acid-proof stoneware, tile, or 
brick tanks are sometimes used for large installations, but the multi- 
plicity of the joints is objectionable. Sulphur cements or acid-proof 
hydraulic cements are used to bond the bricks, the joints being made 
as close and tight as possible. The whole tank is usually built inside 
of concrete retaining walls, with lead, tar, or cement backings. Alloy 
metal tanks, although suitable for small installations, have not been 
used for large scale production because of their cost. 

Pickle solutions are heated by means of lead steam coils or live 
steam jets. The lead coils are installed either in the bottom or 
along the side of the tank and are protected by wooden strips. A 
special grade of lead is used for this purpose as the ordinary lead 
pipe is pitted by the acid. The open steam jet serves very well and is 
quite common in enamel shops. It agitates the bath but it has a 
tendency to dilute the acid solution. 

When using sulphuric acid for pickling, the bath is heated to 140- 
150° F and is held at about that temperature. The rate of pickling 
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drops if the temperature is lowered and the fumes become excessive 
if temperatures exceed this range. 

To make a bath, the water is first added in the tank and then 
the acid is poured in. The reverse procedure is dangerous, for the 
addition of water to sulphuric acid heats suddenly, forming steam, 
causing an explosion. A solution containing about six per cent by 
weight of sulphuric acid is used in enamel shops. Table 13 gives 

TABLE 13 

Amounts O'F Water and Commercial Acid R.EQi.Tiii,ED eor Preparing 
One Hundred Gallons- of Pickle Solution * 


Per cent 

Acid 

(hy weight) 

Sulphuric Acid 

Muriatic Acid 

Gallons 

66“^ Baumd 
sp. gr. 1.8 35 

Gallons 

60° Baurne 
sp. gr. 1.706 

Gallons 

20° Baumi 
sp. gr. 1.160 

Gallons 

18° Baumi 
sp. gr. 1.142 

1% 

0.58 

0.76 

2.75 

3.10 

2% 

1.18 

1.53 

.5.50 

6.20 

3% 

1.79 

2.32 

8.33 

9.40 

4% 

2.40 

3.10 

11.15 

12.58 

5% 

3.01 

3.90 

14.00 

15.78 

6% 

3,06 

4.70 

16.90 

19.05 

7% 

4.30 

5.53 

10.80 

22.32 

S% 

4.95 

6.38 

22.75 

25.65 

9% 

5.60 

7.20 

25.70 

29.00 

10% 

6.23 

8.06 

28.70 

32.40 

11% 

6.91 

8.94 

31.75 

35.80 

12% 

7.60 

9.82 

.34.80 

39.25 

13% 

8.29 

10.70 

37.85 

42.70 

14% 

8.98 

11.60 

40.95 

46.30 

15% 

9.66 

12.50 

44.10 

49.70 

One gallon contains 

Lbs. of Commercial Acid 

15.30 

14.23 

9.67 

9.52 

Lbs. of Pure Acid 

14.29 

11.06 

3.05 

2.66 

Per cent Pure Acid 

93.4 

77.7 

31.5 

27.9 


* Modified from page 29f), J. E. Ilnrison. Advuiieed Tocliniquo of Porc.oluin Knnmeling, 
Enamelist PubliKshing Co. (19;?2). 


the amounts of commercial acids to be added in ]')repariiig one hundred 
gallons of pickle solution. 

The amount of acid to be added from time to time during use is 
determined by the amount of ware which is pickled. The acid strength 
is determined by titration with standard alkali and the ferrous sul- 
phate content by titration with potassium permanganate. The pickle- 
pill method is also satisfactory. These methods are described oii 
page 104. 
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Hydrochloric acid (muriatic acid) is generally used as a cold 
solution, the vapors being very pungent if it is heated. It is generally 
used as a solution of about eleven per cent strength which pickles 
fairly fast, but not as fast as the hot sulphuric acid bath. At 90° P 
it pickles very rapidly and efficiently, but if heated to higher tempera- 
tures it corrodes the lead pipes. The solution is usually made by 
adding the acid to the water, thus not exposing the tank to the con- 
centrated acid. 

Rinsing. The rinse following the pickle solution should be a bath 
of running water, preferably hot, but usually cold. This removes 
the acid from the pickled ware, the basket of ware usually being moved 
up and down to aid the process. The rinse should be always in 
running water to avoid building up an acid content. Acid remaining 
on the ware, even in minute quantities, causes excessive rusting and 
enamel blisters. If the ware is not thoroughly rinsed, acid will be 
carried over into the neutralizing tank and will weaken this bath very 
rapidly, with a formation of salts which are objectionable. 

Neutralizing. The neutralizing bath is designed to remove the last 
traces of acid in the pores of the metal. It is a solution of 0.3 to 0.4 
per cent alkali (NaaO), being composed of soda ash, borax, or tri- 
sodium phosphate and water. The bath should always be used hot 
(150-160° F), for the heat contributes to the rapid interaction of the 
acid and the alkali. The reaction which takes place in the neutraliz- 
ing is about as follows : 

Na^COg + H 2 SO 4 = NagSO^ + HgO + CO, 

or Na.X!Og + 2HC1 -= 2NaCl + 11,0 + CO, 

The neutralizing solution, therefore, builds up a concentration of 
sodium sulphate or sodium chloride. In addition, if any appreciable 
ferrous sulphate is carried over it may be oxidized to ferric sulphate, 
Peo(S 04 ) 3 , which reacts with the soda ash, NaoGOg as follows: 

Pe,(SOJg + SNa^COg + 3ILO ^ 2 Fe(OH )3 + SNa^SO^ + SCO,. 

This reaction adds more sodium sulphate to the solution and pre- 
cipitates ferric hydroxide. Some of this ferric hydroxide undoubtedly 
remains on the ware as a straw colored rust. 

If the water from which the neutralizing solution is made is hard, 
it contains calcium and magnesium salts which react with the alkali 
to form insoluble carbonates. These carbonates with the ferric 
hydroxide will float as a scum on the solution and should be skimmed 
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off. If the water is hard, it is good practice not to heat the neutraliz- 
ing solution to boiling, since at lower temperatures these carbonates 
tend to settle to the bottom of the tank and remain there. 

' Too low a concentration of neutralizer should be avoided as it 
will not rapidly neutralize all of the acid, and too high a concentration 
is objectionable because the salts -will be carried over with the iron 
and will set up’’ the enamel slip. 

Sometimes two neutralizing baths are used, the first being slightly 
stronger and the second slightly weaker than average. This, how- 
ever, is not common and not often necessary. 

Drying. The ware on removal from the neutralizing bath should be 
transferred immediately to the dryer. The dryer is preferably of the 
continuous conveyer type so that the ware need not be dried in 
batches. It should be dried rapidly and should, <luring this opera- 
tion, be free from dust and other forms of contamination. 

SPECIAL PROCESSES 

In addition to the regular procedures for preparing the metal 
surfaces for enameling, other special operations are sometimes em- 
ployed. In recent years the use of the nickel dip, introduced pri- 
marily for the preparation of sheets for white ground coats, ^ has 
become more popular even when blue and black ground coats are used. 
It improves the adherence of white ground coats and tends to elimi- 
nate fishseale and copper heads in the cobalt ground coats. 

The nickel dip follows the acid rinse after pickling and is itself 
followed by a rinse and the neutralizer ordinarily used as the last step 
in the preparation of the surface. The nickel dip bath is a solution 
of double salts, NiSO^ • (NIl 4 )oS 04 * 6 H 20 , and sufficient acid or base 
to give the desired hydrogen ion concentration. Several compositions 
which can be used are shown in Table 14. 

These solutions are operated at temperatures of 160 to 195° F 
and the ware is left in the bath for five or ten minutes. 

The control of the nickel bath is very important as the conditions 
must be just right to give satisfactory results. The deposit desired 
is a uniform dusty black coating which is very thin and has no 
projections. Any projections tend to cause dark spots in white ground 
coats and may be a source of blistering on additional coats if they 
extend through the ground. 

The solution loses nickel on wntinued use and becomes loaded 
with iron. The nickel can be replaced from time to time but tie 
iron is removed with difficulty. In ordinary ^ practice daily addi- 
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tions are made to rejuvenate the solution, it becomes 

exhausted and further additions do not help 
old the iron in solution separates out as the 

brown sludge in the bottom of the tank. As the sludgelicHiSHl^^ 
it tends to form a scum on the ware which is difficult to wash off. In 
ordinary practice the bath is discarded at this point and a new one 
made up. However, Hansen ® suggests the addition of ammonia to 

TABLE 14 

Nickel Dip Solutions 


Ounces per Gallon of Water 

I II III IV 

Double nickel *salts 3.2 4.0 8.0 1.9 

Boric acid .52 .25 .25 .18 

Ammonium carbonate .35 .25 .21 


the solution until a pH of 6.4 is reached and then heating at 180° P 
with air agitation. This oxidizes the iron to the ferric state and the 
alkaline solution converts it to the insoluble ferric hydroxide. The 
bath IS then allowed to cool and the precipitate to settle. The nickel 
solution is siphoned off the sludge and the latter washed out of the 
tank and made up to proper strength. The control of the nickel dip 
solution is described fully 6n page 107. 

The use of iron sulphide to aid the adherence, especially of gray 
ware enamels, is not very common. Iron sulphide added to the pickle 
solution reacts to form hydrogen sulphide gas. 

2 PeS + 2 H^SO, 2 FeSO^ + 2 H,S 

This gas, which is acid in character, tends to etch the iron and 
gives a better surface for enamel adherence with a decrease in the 
tendency to fishscaling. The finely crushed iron sulphide is usually 
added to the bath each time a basket of ware is introduced into the 
solution. 

The hydrogen sulphide gas which is evolved from the bath is 
obnoxious and poisonous and should not be breathed in any appreci- 
able quantities, or it will cause severe vomiting and temporary sick- 
ness. Iron sulphide should not be used in the pickle solution unless 
excellent ventilation is provided. Any sulphur gases should be kept 
out of the enamel shop because of their effect on enamels. Hydrogen 
sulphide tends to convert lead in enamels to the black lead sulphide 
and the oxides of sulphur tend to ^ form a scum on the ware during 
firing. 

® The Advanced Technique of Porcelain Enameling, Enamelist Pablishing Company, Cleve- 
land. Ohio. 
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CONTROL 

% The control of the cleaning and pickling operations is essential to 
good work and economical operation. The use of solutions which are 
too strong or too weak, too hot or too cold, or the discarding of solu- 
tions without knowing their conditions results only in low efficiency. 
The ware is not properly processed and the best has not been obtained 
from these baths. Scientific control is becoming more common and is a 
part of all modern operations. The amount of equipment necessary 
and the time required for such control is not great ; thercd'ore the cost 
of control is small. 

Theory. The testing of cleaner, pickle, and neutralize;' solutions is 
based on the acidity or alkalinity of the solutions, and on the quanti- 
ties of by-products present in the solutions. The pickle solution is 
acid and the cleaner and neutralizer solutions are basic. To test the 
acidity or alkalinity of the solutions a standard (known strength) 
solution is compared with the unknown by titration. Certain dyes, 
called indicators, such as methyl orange, phenolphthalein, and litmus, 
show different colors in basic and in acid solutions, thus : 


Bojfie AHd 

Methyl orange Yellow Rod 

Phenolphthalein Bed Colorless 

Litmus Blue BcmI 


At the point where the color change occurs, neutral conditions 
exist (the solution is neither acid nor basic but neutral). The test of 
an acid solution, therefore, involves the addition of known amounts of 
a standard basic solution in the presence of an indicator until there is 
a color change. Knowing the strength of the basic solution added, the 
strength of the acid can be calculated. Normal solutions arc standard 
solutions containing one equivalent weight of the sulistance in a liter 
of solution. 

For example, a normal solution of sulphuric acid contains 49 grams 
of H 0 SO 4 dissolved to one liter in water. The equivalent weight of 
sulphuric acid is one-half of the molecular weight (98 -“^2 = 49). 
A tenth normal solution, N/10, of sulphuric acid contains one-tenth of 
the equivalent weight, a half normal, N/2, one-half of the equivalent 
weight of sulphuric acid dissolved to one liter in water. Normal solu- 
tions are equivalent to one another. For example, ten cubic centi- 
meters of normal acid will neutralize ten cubic centimeters of normal 
base. 

10 cc. N acid + 10 cc. N base salt + water 
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The salt and the water give a neutral reaction toward the indicators. 
Examples of actual chemical reactions in testing cleaner and pickle 
solutions are as follows : 

BSO, + Na.COs Na^SO, + CO, + H2O 
HCl + Na^COe NaCl + CO^ + H^O 
H2SO, + NaOH Na^SO^ + 2 H^O 

The testing of the iron content of the acid solution is based 
on the oxidation of ferrous sulphate (PeS04) to ferric sulphate 
(Fe2[S04]3). Potassium' permanganate (KMn04) solution is used 
for this purpose. The reaction is indicated by the following equation : 

2 KMnO^ + 10 PeSO^ + 8 H^SO^ = 

K2SO4 + 5 Fe,{SO,):, + 2 MnSO^ + 8 H.O 

Thus, two molecules of KMnO^ are equivalent to ten molecules of 
PeS04 in the reaction. If the amount of KMn04 used to oxidize the 
PeS04 of an unknown solution is known, the amount of PeS04 present 
can be calculated. In the titration of the unknown pickle solution 
with potassium permanganate, the red color of the potassium perman- 
ganate solution is destroyed when it reacts with the ferrous sulphate. 
The first excess over the amount required to oxidize all of the ferrous 
sulphate to ferric sulphate contributes a pink color to the unknown, 
which establishes the end point. 

The preceding discussion of acidity, alkalinity, and oxidation 
chemistry is not complete, but it should give some uiid.erstandiiig of 
the basic principles involved in pickle and cleaner bath control. To 
control these baths in practice, however, no knowledge of the theory 
is necessary. If solutions are made according to direction and the 
titration is carried out carefully, the whole process is quite simple. 

The requirements of good control methods are simplicity, the 
necessary accuracy, rapidity, and low cost. The following methods, 
although not extremely precise, are much more accurate than is neces- 
sary and are simple to the extent that almost any one of reasonable 
intelligence can use them. 

Cleaner Control.' The chemical cleaning solution should be con- 
trolled for its alkali content and for the amount of oil and grease 
accumulated in the bath. ‘ 

The determination of the alkali content requires only a simple 
titration. Suppose the cleaner solution contains six ounces of cleaner 
to the gallon. This then should be titrated with acid solution in the 
presence of methyl orange indicator. With a pipette place ten cubic 
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<ientimeters of the fresh cleaner solution in an Erlenmeyer flask. Dilute 
to about forty cubic centimeters and add three drops of methyl orange 
indicator, which will turn the sohttion yellow. Next fill a glass- 
stoppered burette with a standard solution of sulphuric acid. This 
acid solution should be of such a strength N or N/2,t that it can be 
duplicated whenever necessary. Acids of known strength can be 
obtained at almost any supply house. The burette containing the acid 
solution should be filled just to the zero mark. 

The next step is to titrate the acid slowly into the unknown solu- 
tion, shaking gently, but not allowing it to spattei\ Where the acid 
falls into the solution the color will change, but additions are made 
just to the point where there is a permanent change from yellow to 
orange or red on gently shaking. The first permanent appearance of 
the orange-red color indicates that the end point is slightly past. On 
obtaining the end point read the burette to determine the amount of 
acid used. Suppose this reads twelve cubic centimeters. Then 
twelve cubic centimeters of acid of the strength used equivalent 
to ten cubic centimeters of the cleaner solution. Since we know in this 
particular case, where a new cleaner solution is used, that it contains 
six ounces to the gallon, then ten cubic centimeters of a six-ounce 
per gallon cleaner solution requires twelve cubic centimeters of acid 
solution for neutralization. Dividing six into twelve, we find that 
each ounce of cleaner added to the cleaner sohition requires two cubic 
centimeters of acid solution. We have thus standardized our acid on 
the basis of the cleaner solution as made up. The next step is that of 
dividing the twelve cubic centimeter volume on th(‘ burette into six 
divisions, marking them from the bottom up, 0, 1, 2, 3, 4, 5, and 6 
ounces. The equipment is now prepared for the control of the cleaner 
isolution. 

If ten cubic centimeters of an old cleaner solution are now titrated 
with the standard acid in the same manner as for the new one, the 
amount of acid required to reach the end point will be less than 
twelve cubic centimeters, or point zero. Suppose, for example, only 
eight cubic centimeters, or point two, will be reached when the end 
point is obtained. This indicates that the cleaner solution is deficient 
in alkali to the extent of two ounces of cleaner per gallon. The proper 
amount, two ounces per gallon, of cleaner is then added to bring the 
strength up to six ounces per gallon. The conversion of ounces per 
gallon present in the cleaner to pounds to be added to the tank oau: 

t A normal (N) solution can be made half normal (N/3) by diluting with an 
Tolume of distilled water. Any normality less than X can, therefore, he obtained by pr* 
dilution. 
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be conveniently calculated in advance and put in the form of a chart 
near the cleaner tank. 

The equipment for testing the cleaner solution, therefore, consists 
of a shelf space one by two feet, a glass-stoppered burette (preferably 
of the refillable overflow type), an Erlenmeyer flask (250 cc.) a ten 
cubic centimeter pipette, a bottle of methyl orange indicator, a supply 
of standard acid, and a supply of distilled water. 

An outline of the test directions follows: 

1. Pipette ten cubic centimeters of cleaner solution into a clean 

Erlenmeyer flask. 

2. Add forty cubic centimeters of distilled water. 

3. Add three drops of methyl orange indicator. 

4. Fill burette to the zero mark with standard acid. 

5. Titrate to the end point (change in color from yellow to 

orange). 

6. Read off strength of cleaner from the burette. 

7. From the chart determine the amount of cleaner to be added 

to the tank. 

8. If an open-end burette is used return the standard acid to 

the supply bottle, or preferably stopper the burette. 

Another simple method for determining the alkalinity is that of 
using cleaner pills. In this method a ten cubic centimeter aliquot of 
the cleaner solution is diluted with about forty cubic centimeters of 
distilled water. To this the cleaner pills are added, counting the 
number used until the solution changes color. These pills contain 
acid (usually boric acid) and an indicator. Each pill, which is often 
a capsule containing powder to be emptied into the solution, is equiva- 
lent to a certain strength when added to ten cubic centimeters of the 
solution. For example, if one pill is required for each ounce of 
cleaner per gallon, then a six-ounce per gallon solution should require 
six pills. If it requires only five the solution is weak and should have 
an additional ounce per gallon of cleaner added to it. These test pills 
are convenient and sufficiently accurate for control, but they are more 
expensive than the titration method. 

Since the cleaner bath may be sufficiently alkaline, but may at 
the same time contain an excessive amount of oil and grease, it should 
be tested for the latter. There is no method entirely satisfactory 
for this purpose, but that of determining the water-breaks is use- 
ful. The method of doing this is to use a sheet of metal one foot 
square, dip it in oil, drain and determine the length of time required 
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to clean it in the solution. Usually a mineral oil or one difficult 
to remove is used and the tests are made daily, the time required 
lengthening as the cleaner becomes old. By coordinating these times 
with practice a comparison can be set up for the particular conditions 
to determine when the solution is exhausted. Such tests are indica- 
tions which, as one grows more familiar with theni, become very useful. 

Control of the Neutralizer Solution.*^ The neutralizer solution can 
be controlled in a manner similar to that used for the alkali cleaner. 
It iS; however, much more dilute and to obtain accuracy a larger 
sample (100 cc.) is necessary. If exactly normal acid is used as the 
standard solution, each cubic centimeter will equal .031 gram of 
NaoO, and if a 100 cubic centimeter sample of neutralizer is. used in 
the titration, each cubic centimeter of acid will equal .031 per cent of 
NagO in the neutralizer bath. 

Neutralizer pills can be obtained and can also be used in a similar 
manner to cleaner pills. 

Pickle Acid Control. ’ The control of the pickle solution involves 
determinations of its acidity and the ferrous sulphate content. This 
can be done by either the titration or the pickle pill method. / 

In the titration of acidity, standard normal sodium hydroxide is 
used and methyl orange serves as the indicator. The simplest method 
of standardizing the equipment is as follows : Take a ten cubic centi- 
meter sample of the fresh pickle solution of known strength and place 
it in a 250-cubic centimeter Brlenmeyer flask with forty cubic centi- 
meters of distilled water and three drops of methyl orange indicator. 

Fill a rubber tipped burette with the standard normal sodium 
hydroxide solution and titrate to the change in color from red to 
yellow. The flask should be shaken gently and the first permanent 
yellow color indicates the end point. Bead the burette. If twelve 
cubic centimeters of alkali have been used to neutralize ten cnbic 
centimeters of the acid solution, which will be assumed for explanation 
to be a six per cent acid bath, then the twelve cubic centimeters equal 
a strength of six per cent acid. The burette should then be divided 
into six divisions over the twelve cubic centimeter space, marking the 
divisions from zero to six from the lowest one up. In titrating un- 
known solutions the reading on the burette will indicate the per cent 
of acid necessary to bring the acid in the tank up to strength. A chart 
should be calculated showing the number of gallons of the acid 
required to bring the solution up to strength when 1, 2, 3, 4, 5, or t 
per cent is needed. 
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An outline of the test directions is as follows : 

1. Pipette ten cubic centimeters of the acid solution into a 

clean Erlenmeyer flask. 

2. Add forty cubic centimeters of distilled water. 

3. Add three drops of methyl orange indicator. 

4. Pill burette to the zero mark with standard alkali. 

5. Titrate to end point (change from red to yellow color). 

6. Kead off the amount of acid to be added as indicated by the 

burette. 

7. Prom the chart determine the number of gallons of acid to 

be added to the tank. 

8. Empty and rinse the burette. 

The equipment necessary for the control of the acidity of the pickle 
bath is, therefore : 

One rubber tipped burette 

One Erlenmeyer flask (250 cubic centimeters) 

One pipette (ten cubic centimeters) 

One bottle of methyl orange 

One supply bottle of N sodium hydroxide 

One supply bottle of distilled water. 

Pickle pills can be used for the control of the acidity of the 
pickle bath. They are usually filled with sodium carbonate and 
methyl orange and act faster in a hot solution. To make the test a 
ten-cubic centimeter aliquot of the pickle solution is transferred to a 
flask and forty cubic centimeters of warm water are added. The pills 
are then slowly placed in the solution, keeping count. The end point 
is the change from the red to the yellow color. If a six per cent acid 
requires six pills to neutralize ten cubic centimeters, then each pill 
represents one per cent of acid. The ratio between acid strength and 
the number of pills must be first established and then the amount of 
acid required can be readily calculated. Pickle pills are very satis- 
factory and often used. 

Determination of the Ferrous Sulphate Content of Pickle Solu- 
tions. The determination of the amount of ferrous sulphate or fer- 
rous chloride in a pickle solution is based on the determination of the 
amount of an oxidizing reagent necessary to convert the iron salts 
from the ferrous to the ferric state. Potassium permanganate is a 
suitable reagent for this purpose. 

* Pickle pills are capsules containing a measured amount of reagent. The use of these 
pills permits the addition of the reagent in measured amounts -without the use of a chemical 
balance. Knowing the strength of each capsule the number of capsules gives the total strength 
of the I'eagent added. 
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A normal solution (31.6 grams per liter) is generally employed 
for this purpose. It is usually standardized with’ Mohr’s salt (fer, 
rous ammonium sulphate) in the following manner: A five-grain 
sample of ferrous ammonium sulphate is accurately weighed and 
dissolved in a solution of sulphuric acid (forty cubic centimeters of 
water, five cubic centimeters of sulphuric acid) and is then titrated 
with the potassium permanganate solution with constant stirring until 
the first excess of the permanganate is shown by the appearance of a 
permanent pink color in the solution being titrated. 

Mohr’s salt has the formula FeSO^* (NHJ oSO^* 6 HoO and con- 
tains 13.95 per cent of iron. A five-gram sample of Mohr’s salt, there- 
fore, contains 5 x 13.95/100 = 0.698 gram of iron. If fifteen cubic 
centimeters of the permanganate solution are required to oxidize all of 
the ferrous iron in the Mohr’s salt, then each cubic centimeter of per- 
manganate is equivalent to 0.698/15 = .0465 gram of iron. If ten 
cubic centimeter samples of pickle solution are titrated, then the num- 
ber of cubic centimeters of permanganate solution required, multiplied 
by the amount of iron each cubic centimeter is equivalent to (.0465), 
indicates the total iron in the sample. 

To determine the iron content of the pickle bath, place ten cubic 
centimeters of the solution in a beaker and add five cubic centimeters 
of sulphuric acid dissolved in forty cubic centimeters of water. Pill 
a burette with standard permanganate solution and titrate, with con- 
stant stirring, until the first pink color appears. Read the burette and 
calculate the iron content of the pickle bath. In most practice the iron 
is not permitted to exceed six per cent and is seldom allowed to exceed 
eight per cent. 

An outline of the test directions is as follows : 

1. Pipette ten cubic centimeters of the pickle bath into a 

300 cubic centimeter beaker. 

2. Add five cubic centimeters of sulphuric acid dissolved in 

forty cubic centimeters of water. 

3. Pill the burette to the zero mark with the standard potas- 

sium permanganate solution. 

4. Titrate, with constant stirring, to the first permanent pink 

color. 

5. Read the burette and determine the iron content. 

It is often convenient to construct a chart for converting burette 
reading to per cent iron in the tank. 

The equipment necessary for the control of the iron content of the 
pickle bath is as follows : 
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One glass-stoppered burette 

One 300 cubic centimeter beaker 

One glass stirring rod 

One pipette (ten cubic centimeters) 

One supply of standard potassium permanganate (can be ob- 
tained at supply houses). 

The pill method can also be used for determining the iron content 
of the bath. These capsules contain potassium permanganate crystals. 
To a ten cubic centimeter sample of the bath add five cubic centi- 
meters of sulphuric acid in forty cubic centimeters of water. Add the 
pills (called iron pills) one by one while stirring the solution until 
the first permanent pink color appears. The number of pills indicates 
the iron content. 

Control of the Nickel Solutions. The nickel solutions should be 
controlled both for the nickel content and for the hydrogen ion con- 
centration. . 

The titration of acidity and alkalinity does not give the hydrogen 
ion concentration when complete ionisation does not exist. In the 
operation of a nickel solution the hydrogen ion concentration is of 
primary importance. It should have a pH value between 5.6 and 6.4, 
seven being neutral; below seven acid; and above seven basic.* The 
boric acid gives the proper acid content to the original solution, but on 
use a certain amount of pickle acid is carried over into the nickel bath. 
Thus, if the pPI falls below 5.6, the solution must be neutralized by 
the addition of ammonia. Although the solution does not usually 
become too alkaline, small amounts of boric acid can be added to bring 
the pH below 6.8. 

The pH value of the solution is generally determined by the colori- 
metric method although the electrometric method is more accurate. 
The colorimetric method, however, is simple and requires much less 
equipment; which can be obtained on the market in different types, 
Brom-phenol Red and Brom-cresol Purple cover the range from 5.2 to 
6.8, and Alizarin covers the range 5.5 to 6.8, so that the use of either 
dye is satisfactory. 

The nickel content of the solution is determined by titrating with a 
standard potassium cyanide solution in the presence of silver nitrate, 
ammonium sulphate, ammonia, and potassium iodide. The reactions 
are as follows : 

2 NiSO^ + 12NH,OB[ = 2 Ni(NH3)eS04 + 12 HoO 
Ni(NH3)eS04 + 4KCN = K,Ni(CN), + K^SO, + 6 NH,, 

* The pH value is the negative log of the hydrogen ion concentration. 
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The silver nitrate and potassium iodide react in the solution, foria^ 
ing a flocculent white precipitate of silver iodide. This is used for 
determining the end point of the reaction between the nickel sulphate, 
ammonia, and potassium cyanide. As soon as the cyanide is in excess 
the silver iodide precipitate dissolves. Sodium pyrophosphate is 
added to keep any iron present in solution. Sometimes citric or tartaric 
acid is used for this same purpose. 

The solutions required for the determination are as follows: 

1. Potassium iodide, about 0.5 N. (83 grams of potassuun 

iodide per liter). 

2. Potassium cyanide solution, about 0.5 N. (32.6 grams of 

potassium cyanide and 1.7 grams of silver nitrate per 

liter). Label '"Poison.” 

3. Sodium pyrophosphate, about 2 N. (133 grams of sodium 

pyrophosphate per liter). 

Method : To ten cubic centimeters of the nickel solution five grams 
of ammonium chloride and fifty cubic centimeters of the sodium 
pyrophosphate solution are added. The solution is then made alkaline 
with ammonium hydroxide and one cubic centimeter of the potassium 
iodide solution is added, whereupon it is titrated at room temperature 
until the white precipitate just disappears. The cyanide solution must 
be standardized on a solution containing a known amount of nickel. 

Example : Suppose a given nickel solution contains .2064 gram of 
nickel in fifty cubic centimeters and on titrating it 32 cubic centi- 
meters of the cyanide solution is required to reach the end point. 
Then one cubic centimeter of the solution is equivalent to .2064/32 = 
.00645 gram of nickel. 

If ten cubic centimeters of the nickel flash solution requires 36.5 
cubic centimeters of the cyanide solution its nickel content must be 
36.5 X .00645 x 1000/10 = 23.5 grams of nickel per liter. To change 
grams of nickel to grams of double salt multiply by 6.73. 

SAND BLASTING SHEET STEEL 

Sheet iron and steel are sandblasted only when large shapes or 
heavy stock are used. It gives a satisfactory surface for enameling, 
but warps and distorts thin stock. For iron or steel, which are not as 
hard and brittle as cast ii’on, the pressure of the sand blast must be 
low to prevent embedding the particles in the metal. Sand is in gen- 
eral more suitable than steel grit for sheet metal, for the latter embeds 
itself and causes copper heads. A full discussion of blasting is given ■ 
under the preparation of cast iron surfaces for enameling. / 
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PREPARATION OF THE SURFACE OF CAST IRON 
FOR ENAMELING 

The preparation of cast iron surfaces for enameling is quite differ- 
ent from sheet metal practice because they do not pickle well and are 
most satisfactorily cleaned and prepared for an enamel coating by 
blasting. The rough edges, gates, and molding sand are first removed 
and then the surface is thoroughly sand blasted. 

^ Cast iron, even with the best foundry practice, comes to the 
enameler with irregularities of surface and a hard skin which must be 
roughened or removed. This thin skin-like surface is harder than the 
body of the casting and it does not enamel well. If entirely removed, 
there is a decided decrease in the tendency for the enamels to blister 
during firing. A well cleaned casting is essential to good cast iron 
enamels. 

Blasting (Sand Blasting). Blasting is an operation in which abra- 
sive grains are thrown forcibly against the ware by means of a blast of 
air or other gas.*- Air is used almost exclusively for the cleaning of 
castings, but the abrasives vary. Three types of abrasives are used : 
sand, steel grit, and steel shot. - The first two, sand and steel grit, are 
used for blasting castings to be enameled. In common practice the 
air under pressure and laden with sand or steel grit escapes through 
a nozzle, throwing the abrasives with great force. These thousands 
of small particles striking the casting, remove the scale and roughen 
the surface to a velvety finish. Such a finish is readily enameled, 
since it is clean and the enamel adheres well to it. 

The most important consideration to the enameler is that the blast- 
ing be thorough and efficient. If it is not thorough many enamel 
defects will result and it cannot be efficient. 

The cost of blasting is considerable and can be divided as follows 
overhead and labor 65 per cent, power for air 20 per cent, and abrasive 
cost 15 per cent. These proportions will vary under different con- 
ditions, the selection of equipment and the operation being of great 
importance. 

• Blasting involves numerous intricate problems of air flow, ventila- 
tion, air floating of abrasives, dust separation, and the effects of design."' 

The nozzle furnishes the orifice which controls the air and permits 
the air to give the abrasive its high velocity. Its design and life, 
therefore, is of great importance. Nozzles for different purposes vary 
greatly in size and shape. The diagrams in Figure 44 show the ex- 

* Edward H. Stehman, Enamelist 5. (5) 26 (1928). 
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tremes in shape. The most common shape of nozzle is shown as b 
with a bore about one-sixth its length. It is uniform in diameter 
when new, but the wear tends to taper it from the outlet end to the 
inlet as shown by the cross section. This tapering continues until an 
angle of three degrees is reached and then the entire surface wears 
away. It is evident that the inlet end of the nozzle acts as the orifice 
for the air and does not change until after the three-degree taper is 
established. As this orifice enlarges, however, the efficiency of the 
nozzle is reduced as indicated by Table 15. If the orifice is, for 
example, enlarged from % to inches in diameter, at sixty pg^nds 
pressure, the air flow increases from 67 to 105 cubic feet per 
which, with powder at three cents per KWH, increases the cost from 
33.2 to 52.1 cents per hour. This represents an increase of ngijly 
57 per cent in the power cost. It is thus evident that the wear of 
the nozzle increases operating costs much greater than nozzle replace- 
ment cost. In addition the blasting done after the nozzle is worn is 
not as good as it was with the newer nozzle. Since the ordinary 
chilled cast iron nozzles do not last longer than an hour, other types 
have come on the market made of earboloy, and boron nitride. These 
nozzles, although expensive, last hundreds of hours and are much more 
suitable for automatic machine^,. Some users also find them more 
economical. 

The spread of the abrasive from the common type of designed 
nozzle is shown by the dotted lines of a in Figure 44. If the 
length of a nozzle is increased, the amount of metal which must be 
worn away to form the three-degree angle is much greater and the 
life of the nozzle is increased proportionally, but wdth the greater 
length the frictional resistance of the nozzle is increased, reducing its 
efficiency. Such a nozzle is shown in d of Figure 44. 

If the other extreme is approached and the nozzle is made very 
short, as shown by c of Figure 44, the wear is again reduced. In 
this case, however, the abrasive is not concentrated at so small a point 
as it leaves the nozzle but it spreads and loses its force. Where the 
ware to he blasted does not require a very severe blast, as in the sheet 
iron industry, such a nozzle is sometimes satisfactory. 

The distance of the nozzle from the ware is an important con- 
sideration. The abrasive as it leaves the nozzle is given an. accelera- 
ation by the air until it reaches a maximum for the conditions. This 
point, where the maximum is attained, is the distance from the nozzle 
where the most efficient work is done. In general practice it is from 
twelve to fifteen inches, but it varies with conditions. The point of 
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maximum efiaciency is often taken as that distance at which a blue 
haze appears where the grains strike the easting. 

In Table 15 the air flow is shown for different pressures and 
orifice openings when no abrasive is flowing. When sand is used 
approximately thirty per cent less air is discharged and when steel 
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OD— Original Dimensions. 

Figure 44. The Wear of Nozzles. 


grit is used approximately sixteen per cent less air is used. With 
smaller nozzles the reduction of air, when abrasive is present, is 
usually less and with larger nozzles it is usually greater. 

Edward H. Stehman ’ reports a series of tests on nozzle sizes, air 
consumption pressures and blasting times with enamel castings and 
shows the importance of such studies in controlling costs. 

Figure 45 gives the air consumption, the power, and the time re- 
quired for cleaning stove castings at different pressures. This shows 
that an increase in pressure is not always accompanied by an increase 
of efficiency. 

Another example of such a study is shown in Figure 46 where 
bowls were sandblasted with V 4 - and %-inch nozzles at different pres- 
sures. The %-ineh nozzle at fifty pounds consumed about the same 


^ Ihid. 
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volume of air as the ^-inch nozzle at 75 pounds, but it effects a redue* 
tion of 47.5 per cent in the blasting time and 53.5 per cent in the air 
power. Thus the %-inch nozzle in this case shows not only increased 
pi'oduction but also decreased sand blasting cost. Stehinan figures the 
actual savings as follows : 

Saving in sandblasting time 3.41 hours imr ton of metal Ldeaned, at 


1^1.00 per hour plus 100 per cent overhead | gg2 

Saving in air power cost 91.5 H. P. hrs. per ton of metal cleaned, 

at 2 cents per H. P. hr 

Total saving per ton $ § 
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Figure 45. Air Consumption, Air-power and Blasting Time at 
Different Pressures.’^ 


These data show the importance of efficient sand blast operation 
and equipment. The conditions of blasting other than pressure, 
nozzles, and equipment make the establishment of general rules very 
difficult. However, it must be remembered that the hardness of the 
surface of the casting, the amount bf surface to be removed, the shapes 
of the castings, and the characteristics of the operator influence blast- 
ing efficiency. Each blasting problem should be treated separately, 
and, when the most sati^s£actoly conditions arc acquired, they should he 
strictly adhered to. 

^ The character of the surface of the casting influences the pressure 
required. A hard surface requires high pressure, and a softer surface, 
a lower one. Sheet iron for example is sand blasted only at relatively 
low pressures to avoid the danger of embedding abrasives in the metal 
When high pressures qt coarse abrasives are used the blasted surface is 
relatively rough. The design of the nozzle and the distance of lie 
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nozzle from the work influences the pressure required, other conditions 
being constant. 

The line resistance to the air flow and the leakage of the system 
increases the pressure required from the compressor. Since a very 
appreciable drop in pressure is often experienced between the com- 
pressor and the nozzle, the pressure gauge should be as close to the 
nozzles as is practicable. 

/Abrasives: Since the introduction of steel grit there has been 
considerable controversy concerning the relative advantages of each 




3/4-jnch Nozzle — •%-inch Nozzle 


Figxtbe 46 . 

Comparison of and %-Ineh Nozzles at Different Pressures.t 


for enameling work. Steel shot is not used for cleaning enameling 
irons because of its peening action which produces an unsuitable sur- 
face for enameling. ^ 

Sand. The physical properties of the abrasive often limits the 
pressure to be used in sand blasting. Low grade sands must not be 
used at pressures of over sixty pounds or they will be shattered at the 
first impact. The higher grade sands will withstand higher pressuref 
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lip to eighty pounds, and steel grit or shot will withstand as high 
pressures as are ever used in sand blasting. The efficiency of blasting 
depends upon the abrasive retaining its form as long as possible. If 
it shatters to a dust, its force is lost and the abrasive is destroyed so 
far as use for blasting is concerned. The dust is objectionable as it 
interferes with visibility and it must be removed from the abrasive. 
If not shattered the sand can be repeatedly used. The grains for 
sand blasting purposes are preferably round, the size varying with 
the work to be done. On soft iron the fine grains are most suitable 
while on hard iron the large grains are more efficient. 

Steel Gritf Steel grit is a product manufactured by crushing and 
grading steel shot> A good grade has the structure of white cast iron 
and is very low in free carbon. It is angular, presenting many sharp 
corners and is very hard and strong. It resists shattering even at 
the highest pressures used for blasting and, therefore, produces a 
minimum of dust. Steel grit is two and one-half times as heavy as 
silica sand which gives it much greater inertia. It is more difficult 
to get it in motion but it exerts more force as it strikes the ware. The 
angular corners are considered desirable because of their cutting 
action, but as these wear down there is danger of peening the iron. 

* Steel grit is produced in sizes from about 14 to 100 mesh, the finer 
being used for soft iron where a finely ground surface is desired and 
the coarse grains for hard service where a coarser finish is desired*. In 
some operations the sizes of steel grit are blended to give the desired 
surface and in other operations silica sand is used with steel grit. 

As automatic blasting equipment is becoming more common, thus 
making the labor cost a less important item, the consideration of the 
cost of the abrasive, the power, and the upkeep becomes more im- 
portant. 

' Steel grit and silica sand are used both alone and together for the 
cleaning of castings for enameling.^ For sheet iron or steel cleaning, 
the silica sand is in general preferable. Steel grit, if used at pres- 
sures sufficient to clean sheet iron rapidly, has a tendency to bury 
itself in the iron stock and cause copper heads in the enamel. 

The selection of abrasives for cleaning metal surfaces for enamel- 
ing should be based on the quality of the work done by the abrasive. 
A surface that can be depended upon to enamel well is more desirable 
than a slight saving in cleaning costs. Such factors^ however, as 
rapidity of production, air costs, ventilating costs, abrasive costs, 
maintenance costs, handling costs, and working conditions should be 
given all due consideration. The equipment used with silica sand 
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abrasive is not usually as efficient with steel grit as one which is 
selected for that purpose. 

Equipment. Blasting equipment can be divided into five groups; 
(1) the equipment necessary for handling the ware, (2) the ventf 
lating equipment and blasting chamber, (3) the mixing equipment, 
(4) the equipment necessary for handling and recovery of the abra^ 
sive, and (5) that for compressing and distributing the air. 

The blasting equipment used in enameling plants varies from 
the inefficient hand operation methods to the highly efficient automatic 
blasting machine. The blasting of large irregular shapes such as 
sanitary ware and castings used for stoves is generally done by an 
operator, but the equipment is usually quite modern. The old, poorly 
ventilated and lighted blasting room is rapidly being replaced by the 
more modern type. Blasting barrels, tables, and conveyor types are 
being utilized wherever possible. The efficiency of the blasting equip, 
ment is to a considerable extent dependent on the handling of the 
ware. The equipment should not be idle longer than necessary while 
the ware is being moved, therefore, automatic conveyors and turn 
tables have aided these operations greatly. 

The blasting room shown in the diagram of Figure 47 is of the 
down draft type and is most convenient. The air for ventilation enters 
through the baffles in the roof and proceeds down through the grated 
floor, carrying the dust and abrasive with it. The booth is lighted 
by electric bulbs protected with thick glass shades in the ceiling. 
The doors are so built that maximum sized ware can be wheeled into 
the booth, or a turn table is built so that one-half is inside and the 
other outside. The ware to be blasted is placed on the outer shelf of 
the table while that on the inside is being blasted. The turn table is 
then turned 180° and the blasting, unloading, and loading resumed. 
Such an arrangement keeps the blasting in almost constant operation. 

The mixing of the abrasive with the air is based on either the 
induction principle or the direct pressure principle. 

In the methods using the induction principle, the abrasive may 
be charged into the gun either by the suction or the gravity method. 
The gun using the suction method is illustrated in Figure 48. The 
air escaping rapidly from the air jet creates a suction or reduced’ 
pressure in the abrasive inlet. Air from the atmosphere, therefore, 
is drawn through the abrasive hose carrying the abrasive with it 
into the mixing chamber of the gun. The abrasive is then picked up 
by the rapidly flowing air from the air jet and carried rapidly out 
through the nozzle. The abrasive is usually fed into the abrasiyi^: 
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hose by gravity as illustrated in Figure 49, the atmospheric air 
passing through the inlets carrying abrasive with it to the gun. 

The gravity method differs from the suction method in that the 
abrasive is fed by gravity directly into the gun in the path of the 
high pressure air jet. Figure 50 illustrates the general construction 
of the gravity type of gun. Air is drawn into the mixing chamber 



by the reduced pressure created by the high pressure air jet. The 
abrasive is thereby drawn into the path of this jet and thrown forcibly 
through the nozzle. 

In the direct pressure method the compressed air picks up the 
abrasive without the use of auxiliary air. This air under pressure 
then carries the abrasive through the nozzle clear to the tip. This 
method necessitates a pressure tank, since the supply of abrasive 
must be under the same pressure as the air blast to permit its injec- 
tion. Figure 51 shows the principle of the pressure tank with the 
refilling chamber to permit continuous service. 
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The pressure in the lower chamber is always at that of the corn- 
px^essed air. The pressure is shut off the upper chamber when 
filing it, the abrasive flowing through the upper valve from the 
storage chamber. The upper valve is then closed and compressed air 
allowed to flow into the upper chamber. In this condition the upper 
and lower chambers are both at the pressure of the compressed air 



The lower valve is opened and the abi'asive from the upper chamber 
flows into the lower chamber. The lower valve is then closed and the 
operation repeated. This can be made entirely automatic or it can be 
operated by hand. 

Abrasive handling can be divided into three methods: gravity, 
pneumatic, and mechanical. 



Figure 49, Abrasive Peed for Induction Type Gun. 


The gravity method is illustrated in Figure 47. In this method, 
which is the simplest of the three, the abrasive falls through the floor 
of the booth and is then fed into the pressure tank for re-use. Dust 
separation is only partially complete as it depends entirely on the 
ventilation of the room. This results in a considerable quantity of 
dust in the abrasive and causes a great deal of dust in the booth.. 
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The pneumatic method is illustrated by Figure 52. In this method 
the dust and sand settle into a hopper under the booth and are then 
picked up by atmospheric air and exhausted through a vertical tube 
and dust separator to the dust arrester. The dust separator consists 
of a series of baffles, the coarse abrasive falling into a chute and the 
dust passing off with the air to the dust arrester. This method gives 
good abrasive separation, but it requires high air velocity to raise 
the abrasive. Sand requires a velocity of approximately 3500 feet 



Figure 50. Gravity Type Sand Blast Gun. 


per minute while steel grit requires about 6000 feet per minute. 
If, as is often the case with steel grit, a mixture of different sizes 
is used, then the finest abrasive is lost to the dust arrester if the 
velocity of the air is high enough to lift the coarser sizes. It is 
generally conceded that the pneumatic method is wasteful of power 
and that the separation under these conditions is not accurate enough 
for gr^test efficiency. 

Mechanical methods vary considerably in design. Figure 53 illus- 
trates a common design. The abrasive and dust fall through the 
floor grating of the booth and are then conveyed by means of a screw 
conveyor to the foot of a bucket elevator. The elevator raises the 
material to the screens or other separating equipment where the good 
abrasive is returned to the storage. The dust is discarded, thus 
relieving the dust arrester of considerable load. 
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The compressed air at the blasting machine should be cool and 
as free as possible from oil and moisture. Wlicn air is compressed 
it becomes heated and on cooling the moisture is thrown out. In 
some installations an after cooler is used to eliminate as mucli as 
possible of this water, but in most eases sufficient can be eliminated 
by blow offs and mechanical moisture separators. The mechanical 
water separator is a cylinder provided with a series of baffles which 
eliminate a large percentage of the moisture and oil. If the air 
lines are installed in cool places and all taps are made at the tODs 



Pressure Tank for Direct Priiieipk* Blantinj?. 

considerable trouble can be avoided. The air should not be taken off 
the end of the line but back from the end where the moisture does not 
accumulate. All pipes and hose should be of generous sizes to avoid 
friction and gauges should be installed near the blasting equipment 
Sandblasting has often been a neglected part of the enameling 
process, from the standpoint of efficiency, the quality of the work, 
and the health of the workman. Such should not be the case, how- 
ever, for its results are important to successful operation. 

After blasting, the castings should all pass through the finishing 
and inspection department. Here all rough projections are gronni 
down and the casting is given its final inspection; any slag holes are 
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punched open and filled, after which the casting is sent to the depart- 
ment for application of the ground coat. After blasting the ware is 
handled as little as possible and should not stand around any longer 
than is necessary. 

DE-ENAMELING AND REPAIRING 

Defective enameled ware is very difficult to repair, often repre- 
senting a total loss. In sheet metal and w-et-process cast iron enamel- 



ing an additional coating can be applied to cover black specks, small 
pin holes, and other minor defects. This requires an extra fi.ring 
operation, but it is in general the most satisfactory method. The 
additional coat, however, often slightly changes the whole appear- 
ance so that it does not match the general run of ware. 

If the defect is fishscaling, blisters too large to be covered, ehippmg 
or crazing, the only possible method of recovering the stock is de- 
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enameling. Dry process cast iron ware cannot be heated after it 
has once been cooled; therefore any repairing must be done during 
the firing operation or without heat. Many attempts have been 
made to use a gun similar to the metal layer gun for applying enamel 
to the cold ware. This method is only satisfactory where appearance 
is not important as the patch always shows. It is applicable, how. 
ever, in the prevention of corrosion. In the manufacture of large 
pieces of ware, such as bath tubs, it is often possible to grind oi! a 



surface speck and polish the enamel down, making a very presentable 
repair. The technique of patching small spots has been higUy 
developed in a few plants, but unless the production is very large it 
cannot be utilized to full advantage. The objectionable practice of 
using lacquers and paint enamels for repairing is limited, fortunately, 
to few places in the industry. 

De-enameling is a serious problem, depending greatly on the natute 
of the enamel being removed. Acid resisting enamels are, in generd, 
very difficult to remove from the metal, while soft soluble enamdl 
are quite easily dissolved off. In the de-enameling of cast irop, aul 
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blasting is usually resorted to. Higher pressures (80-90 lbs.) are 
best for sand blasting the enamel off the castings. Such ware, how- 
ever, is often placed as a back stop for the sand in the cleaning opera- 
tion, thus utilizing this waste. Enamel is difficult to remove by 
blasting and requires considerable time. In some plants the castings 
to be de-enameled by blasting are first soaked in tanks of waste pickle 
acid, or alkali solutions to soften the enamel. In other places the 
enamel is chipped off the ware with a hammer and chisel and then 
blasted. In any case the de-enameling of castings is expensive and 
should be avoided by better control in the enamel shop. 

The de-enameling of wet-process cast iron and sheet metal ware 
is often done by solutions. Three methods are possible; the acid 
method, the alkaline solution method, and the molten caustic method. 

The acid method employs a variety of acids and procedures. Such 
acids as sulphuric, chromic, hydrochloric, and hydrofluoric are used. 
With the exception of hydrofluoric acid, these acids do not remove 
acid-resisting enamels. Hydrofluoric acid, however, is seldom used as 
it is expensive, dangerously corrosive, and the fumes are poisonous. 

Sulphuric acid is used hot and although it removes soft enamels, 
its action is slow. The last traces of enamel must be removed by 
rubbing, scraping, or blasting. Hydrochloric acid (muriatic) in 
strengths up to twenty per cent is used cold because of the offensive 
fumes given off by the hot acid. It attacks the iron quite rapidly and is 
quite expensive. Chromic acid solutions of a forty per cent strength are 
used hot and will remove some enamels quite satisfactorily. It is 
very expensive, however, and in the hot condition is very corrosive. 
In the acid removal of enamel, many hours of treatment are usually 
required and the last traces of the enamel coating must be removed 
by other means. 

The caustic alkali solution method varies with the concentration 
of the solution and the amount of agitation. In concentrated solu- 
tions (about 50% NaOH) heated to three or four hundred degrees 
Fahrenheit, the action is quite rapid, the enamel coating being removed 
in a few hours. The use of dilute solutions requires long soaking and 
has met with little favor. The alkali solutions become loaded with a 
sludge and soluble silicate salts. This slows down the operation 
of the bath until it operates so poorly as to be useless. Water 
must be added to make up for evaporation and the whole bath must 
be frequently replaced by a new one. The alkali consumption is, 
therefore, high and the method is fairly expensive. 
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The molten caustic method is the most rapid method of de- 
enameling. It requires only a few minutes to dissolve enamel off the 
iron in molten sodium hydroxide at a temperature of about 1000° p 
It does not attack iron and is, therefore, used in an iron tank. 

To make this method economical, however, the sodium hydroxide 
which is changed to soluble silicates must be recovered. This can be 
done by treatment with steam which hydrolyzes the soluble silicates 
throwing the silica down as a sludge. The sludge settling on a false 
bottom must be frequently removed. The ware must be washed and 
sometimes scrubbed or lightly sand blasted to remove the last adher- 
ing scum of oxides which is left. 

If enameled iron is treated with steam, solutions, or vapors aincier 
pressure, and an accompanying increase of temperature, the enamel 
is rapidly disintegrated and partially dissolved. This offers some 
promise as a method for de-enameling. 



CHAPTER 6 

Enamel Calculations 

'.The representation of enamel compositions and the accompanying 
calculations are essential \o any method of comparison. Enamel com- 
positions may be represented as percentage amounts of the raw mate- 
rials, percentage amounts of the melted constituents, and as empirical 
formulae. <^Mill additions are generally represented as parts of each 
material added to one hundred parts of frit.‘ The mill additions are not 
calculated into the percentage raw materials, but may or may not be 
calculated into the percentage melted composition or the empirical 
formula. , In some cases, it is desirable to consider the melted compo- 
sition independently of the mill additions and, in fact, some enamelers 
prefer to exclude the opacifiers and compare only the melted compo- 
sitions of the glasses. The coefficient of expansion of an enamel should 
be calculated from the melted composition, including both opacifiers 
and mill additions. "* 

THE BATCH COMPOSITION, “BATCH” 

The batch composition is a tabulation of the relative amounts of 
the raw materials entering the enamel mix. It is the method used in 
representing the amounts of the materials to be weighed in making 
the enamel batch. In using the batch composition for comparison, the 
amounts of the different materials should be percentages of the whole 
batch. To change any batch to per cent batch composition, divide the 
amount of each material by the sum of all of the materials and multiply 
by one hundred. 

THE MELTED COMPOSITION 

The melted composition is a list of the relative amounts of the 
different constituents present in the frit. For the comparison of 
different enamel compositions, the melted composition is made to equal 
one hundred per cent. This can be done by dividing the amount of 
each constituent by the sum of all of the constituents and multiplying 
by one hundred. • In the smelting of an enamel the raw materials 
undergo decomposition, oxidation, reduction, and combination, which 
results in the liberation of certain volatile constituents. This volatiliza- 
tion, i nvolving mainly water and carbon dioxide, results in a 
^m ten to Jliirtx.^.^^^^ melted composition 

is therefore quite different from the batch composition and, since most 
of the raw materials have undergone a chemical change, the melted 
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composition is represented in terms of the oxides, elements, ox' com- 
pounds known to be present. 

THE CHEMICAL COMPOSITION 

' The eliemical composition may or may not be identical with, the 
melted composition. It is the result of a chemical analysis of the 
melted enamel and, therefore, is subject to the losses involved in 
making the enamel.-' Some of the fixed oxides, such as soda, boric oxide 
and silica, may be volatilized with some of the iiiiorine. These losses 
account for the difference between the melted composition and the 
chemical composition. In the following calculations the melted com- 
position contains all of the fluorine and the fixed oxides, while the 
chemical composition includes only those eonstitiumts actually present 

THE EMPIRICAL FORMULA 

The empii-ical formula is based on the molecular relations existing 
between the constituents of the melted composition. The sum of all of 
the basic constituents is made to equal one, so that all formulae will be 
calculated to the same basis. A general empirical formula may be 
given as follows : 

• xR,o,, • .nio. 

The R represents any element and the 0 represents oxygen. EoO 
and RO are general formulae for basic oxides, such as Na^jO and CaO, 
R2O3 is a general formula for the intermediate oxides, such as AhOj, 
and RO2 is the general formula for the acid oxides, such as Si02. 

Examples. The following are examples of the three common 
methods of reprcKsenting an enamel composition ; 


I. Batch Composition 

Material Amount 

Feldspar 31.0 

Borax 31.0 

Quartz CO.O 

Soda ash 7.0 

Soda nitre 3.0 

Fluorspar 6.0 

Cobalt oxide 0.5 

Manganese dioxide 1.5 

* 100,0 
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Mill Addition 

Erit 

Clay 

Borax 


, 100.0 
. 7.0 

. 0.5 


2. Melted Composition 

Consfifitent Amou7it 

Na.0 11.9 

K20 6.0 

CaO 5.0 

AloOa 9.8 

B0O3 13.2 

SiOo 48.4 

CoO 0.6 

MnO, 1.7 

Fa 3.4 


100.0 


3. 


Empirical Formula 


.582 NaoO 
.135 KoO 
.257 CaO 
.021 CoO 
.005 MgO 


.196 AlaOt 
.538 B2O3 


2.212 SiO:> 
.254 Fa 
.057 MnO: 


THE FACTOR METHODS OF CALCULATION 

The enameler in a plant generally compares his enamel composi- 
tions on the basis of either the percentage batch composition or^the 
percentage melted composition. These two methods are serviceable, 
blit should be thoroughly understood to avoid misinterpretation. If 
the compositions being compared are similar, no serious difficulty is 
encountered, but, if the compositions are quite different, care must 
be taken. 

In using the percentage batch composition, it must be remembered 
that the frit compositions resulting from very different batch compo- 
sitions may be similar or quite different. This is due to the fact that 
the different oxides in an enamel are contributed from various raw 
materials. For illustration, take the two f ormulge which follow ; the 
batch compositions are quite different, but their melted compositions 
are identical : 


* Since manganese produces a pink color in enamels and since the available expansion 
factors are based on MnOa, it is assumed to be present as such in these calculations. 
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Batch Composition- IMkltki) Composition 


Mate rial 

Feldspar 

Borax 

A )n 0 ant 

ao.oo 

2(5.00 

.1 mount. 

22.03 

22.23 

Count it iirnt 

Na,0 

K,0 

orB 

Amotinj 


20.00 

23.(58 

B,0:, 


Soda ash 

S.OO 

3.5(5 

AhO:. 


?ioda nitre 

2.00 

5.74: 

SiO^ 



(5.00 


F. 


Oi'Tolite 

3.00 

8.00 

CaO 

K {\r> 

Sodium aiitimoiiate 

n.oo 




Whiting 


7.43 




Boric acid 

Antimony oxide 

Pearl ash 

ioobo 

3.80 

3.83 

1.70 

300.00 


100.00 


If these two compositions were compared only on the basis of tie 
batch, one would conclnde that the enamels W(n*(‘ dinddedly different, 
but, compared on the basis of the nielled composilion, they would be 
considered alike. This is an exaggerated (‘xample of commonly 
occurring conditions, which ai'e liable to lead to serious misinter- 
pretation. 

If the melted composition alone is used for comparing enamels, 
we are subject to uncertainty, since the natnre of tlic raw batch may 
be quite different for one and the same mel1(‘d composition. The ra-w 
materials entering the batch influence the medting of the enamel; they 
influence the loss of the volatile and fixed oxid(‘s, as w(dl as the rate of 
reaction in forming the glass ; and, as a result, th(\v a (feet th(‘ properties 
of the frit. 

It js . evident from the above discussion that the comi)arison ^ 
enamel compositions should ordinarily be madi; on both the raw 
composition and the melted composition. Wher(‘ (‘namels are similar 
in composition, and where the raw materials do not vary over too wide 
a range, one mode of comparison is often satisfactory. 

In research work, it is often desirable to represent composition in 
terms of the empirical formula, sq avS to make comparisons of enamels ” 
on a molecular basis> For illustration, it may be desired to express ie 
molecular ratio of the content of bases to that of acids, one type of 
base to another, intermediate to acid, and so on, in this way studying 
the relations which may be used to point out the characteristics of 
the composition. 

Since the enameler must be able to convert the batch composition 
to the melted composition and vice versa, to compare his enamels aeei- 
rately, it is essential that he have some convenient method of 
version. The method of calculating from the batch composition^^ 
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melted composition and vice versa is comparatively simple and is the 
particular calculation most used by the enameler. This method of 
calculation is called the factor method and will be described before 
going into the more technical discussion of the chemical method, which 
can be used conveniently for calculating, when tables of factors are 
not available. 

The Calculation from the Batch Composition to the Melted Com- 
position. The raw materials used in making enamels are, in general, 
of fairly uniform composition. Feldspar, being a rock material, varies 
most in composition, but, with the greater care in blending and 
improved control now existing in the chemical industry, a good grade 
of feldspar will run fairly uniform in composition. A good feldspar 
should have not only a desirable chemical composition, but it should 
be mineralogically feldspar without an excessive quartz content. A 
chemical analysis of the feldspar used is essential to accurate calcula- 
tions of enamel compositions. The fluorspar, cryolite, and borax com- 
positions should also be checked to insure a uniform supply. 

Table 16 gives a list of the raw materials commonly used in enamels. 
The first column gives the common commercial names of the materials, 
arranged in alphabetical order, and the second column the empirical 
formulae. The remainder of the table is devoted to factors for calculat- 
ing from the batch composition to the melted composition and vice 
versa. These factors are divided into five groups, Le., the basic 
materials, the intermediate oxides, the acid materials, special mate- 
rials, and total melted weights for each raw material. 

The use of this table can be best illustrated by the calculation of a 
problem. 

Example. Calculate the melted composition from the following 
batch composition of a sheet iron cover enamel. 


Material Eaw BatcH Amount 

Feldspar 29 

Borax 26 

Quartz 20 

, Soda ash 5 

Soda nitre 4 

Fluorspar 5 

Cryolite 11 

Material MiLL ADDITION Amount 

Frit 100 

Clay 7 

Tin oxide 7 

Borax 0.5 


114.5 
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The use of a chart, such as that illustrated in Table 17, will greatly 
facilitate calculation. This chart gives a list of the common raw 
materials used in the batch composition, followed by a series of columns 
grouped as basic oxides, intermediate oxides, acid materials, special 
materials, and total vreights. The raw materials are arranged with the 
most common constituents first and the less common ones farther down 
the list. 

The first step, in calculating from the batch composition to the 
melted composition, is to list the amounts of the different constituents 
under the heading of batch compositions. 

The second step is to calculate the amounts of basic, acidic, inter- 
mediate, and special constituents contributed to the enamel by each raw 
material. This calculation consists of referring to Table 16 and 
obtaining the factor for each constituent and multiplying it by the 
amount of the raw material. For example, the amount of feldspar is 
twenty-nine parts, as given by the batch composition. From Table 16, 
the factor for the K^O contributed by feldspar is .169. This factor 
.169 for KoO is multiplied by the per cent of feldspar in the raw batch 
29, (.169 X 29 = 4.9), which gives the weight of KgO contributed to 
the enamel by the feldspar. This value 4.9 is then placed in the KgO 
column opposite feldspar as shown in Table 17. In a similar manner 
for AI 2 O 3 , factor .183 X 29 = 5.3 parts of ALOg, and for SiOo, 
.648 X 29 = 18.8 parts of SiOg. Since there is practically no loss in 
melting feldspar, the sum of KgO (4.9) + AI 2 O 3 (5.3) and silica 
(18.8) equals 29, the amount of the original feldspar. 

Each raw material is thus calculated and the chart is filled out as 
shownt, the mill additions being put in the lower part of the table. 
The amounts of each constituent in the frit are added together and 
these sums are then added, which total is the melted weight (83.2). 
This value should check with the sum of the values in the column 
marked total retained. The total retained may be computed by adding 
the sums of each constituent across the chart, or by multiplying each 
amount in the raw batch by the factor for the total retained as shown 
by Table 16. The sum of this column is the total retained, or the 
melted weight. 

The sum of the constituents in the frit will not equal one hundred 
because of the loss during melting ; therefore, it is necessary to convert 
this total to one hundred so that the amounts of each constituent will 

t m tlie case of cryolite, tlie calculation may be to NaF and AIF3 or NaaO, AI2O3 and F2. 
Muorspar may be calculated to- CaFs or OaO and Fa. These variations are subject to choice, 
the author lueferrmg, in general, to calculate to flnorides. This facilitates calculation back 
to &e bateh comp>ci^^on. 
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represent percentages. This is done by dividing the sum for each 
constituent by the melted weight of the enamel ; the sum of the sums 
of all constituents retained after smelting, or as in the example Table 
17 (83.2), and multiplying by 100. 

Having brought the melted weight of the frit to 100 per cent, the 
mill addition can next be considered. It will be noted that the mill 
addition calls for one hundred parts of frit, seven parts of clay, seven 
parts of tin oxide and five-tenths parts of borax. Since the mill 
addition is based on one hundred parts of frit, we can add the melted 
weights of the mill addition directly to this to obtain the final melted 
composition of the enamel. Since the sum with the mill additions no 
longer equals one hundred, it must again be changed to per cent by 
dividing each constituent by the sum (113.4) and multiplying by 100. 
If no mill addition is used, it is, of course, unnecessary to continue 
after calculating the percentage melted weight of the frit. 

Factors for Feldspar, The factors for feldspar given in Table 16 
are based on a theoretically pure orthoclase feldspar. It will be 
noticed, on referring to the table, that there are no values given for 
the commercial feldspars. These spaces are to be filled in with the 
values for the particular feldspars used in the enamel. The chemical 
analysis of a feldspar furnishes all of the information necessary to 
obtain these factors. A commercial feldspar suitable for enamel 
making might show the following chemical composition on analysis: 

Feldspar Analysis ^ ^ A ' ^ 


Composition Per Cent 

SiOs 69.2 

AloOs 17.6 

F62O3 0.1 

CaO 0.5 

K,0 9.1 

NazO 3.2 

Loss on ignition 0.3 


100.0 

The per cent of each constituent divided by one hundred gives the 
factor to be used for the particular feldspar. Therefore, in feldspar 
the factor for K 2 O is .091, for NagO is .032, for AlgOg is .176, etc. 

The Calculation of the Coefficient of Expansion of an Enamel. To 

calculate the coefficient of expansion of an enamel, it is necessary to 
represent the composition in terms of the per cent melted composition. 
Given the enamel in this form, the calculation of its coefficient of 
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expansion consists of multiplying the per cent of each constituent by a 
factor for that constituent, Table 2 , and taking the sum of the products. 

Three sets of factors are given in this table, the oldest set being 
those of Winkelmann and Schott marked W. and S. The set of factors 
most commonly used by the enameler is that of Mayer and Havas 
marked M. and H., while the set of figures by Fetterolf and Parmelee 
are the most recent values available. For enamel glasses the factors by 
Mayer and Havas are recommended until others are proved to be 
more generally applicable. 

The chart shown in Table 17 offers a very convenient method of 
calculating the coefficient of expansion of enamels from their per cent 
melted weights. 

An example is as follows : 


Melted Composition 


Constituent 

Per Cent 


M. and E, Factor 

Cnefflcient 

ISSL 2 O 

13.9 

X 

10. = 

139. 

K2O 

4.5 

X 

S.5 = 

3S.2 

BaOs 

14.3 

X 

0.1 = 

1.4 

AI2O3 


X 

5.0 = 

37.5 

SiOs 

49.9 

X 

0.8 == 

39.9 

CaFa 


X 

2.0 ~ 

18.8 

CoO 

6 

X 

4.4 = 

2.6 

M11O2 

1.8 

X 

2.2 = 

4.0 


100.0 Enamel Coefficient = 281. X 10"' 

The calculated coefficient of expansion is not an accurate value for 
the coefficient of expansion of an enamel, but is merely an approx- 
imation to give some basis for comparison. The coefficient of expansion 
of an enamel can be determined very accurately in the laboratory by 
using a Pulfrich-Fizeau interferometer. 

The Calculation of Enamel Costs. It will be noticed that the chart 
in. Table 17 also provides space for the calculation of costs, which is 
very convenient and necessary for the plant man. This chart is recom- 
mended as a standard form for the calculation of enamels and can be 
mimeographed on standard letter size paper, 8 V 2 x 11 , and easily filed 
for reference. 

The Calculation from the Melted or Chemical Composition to the 
Batch Composition. The calculation from the melted composition to 
the hatch composition requires judgment and a knowledge of enamels. 
Oii^ mugt be familiar with the particular type of enamel being cal- 
^^ated and the functions of the raw materials used in the enamel. 
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If the melted composition includes the mill additions, this must le 
considered; otherwise erroneous results would be obtained. If the 
melted composition has been calculated from the batch composition, 
the conversion back again is not particularly difficult, since the volatil- 
ization of different constituents during the smelting does not enter the 
problem. In a chemical analysis of an enamel, however, it is probable 
that some of the constituents of the original batch, srrch as fluorine and 
boric oxide, may have low values because of volatilization in process- 
ing. Since the extent of this volatilization depends on the composition 
and processing of the enamel, one can only make an estimate as to the 
probable loss. 

To illustrate the calculation of the batch composition from the 
melted composition the following example of a sheet iron cover enamel 
is used, the melted composition being as follows : 

Melted Composition * 

A mount 

13.9 

5.0 

10.5 

9.8 

42.5 

6.0 

3.7 

8.6 

100.0 

Table 18 illustrates a very convenient method of arranging the 
calculation. The melted composition of the enamel is inserted on the 
first line, each constituent being placed under the proper heading. 

Since this enamel is a sheet iron cover enamel, it undoubtedly has a 
mill addition of both clay and an opacifier and probably an electro- 
lyte. Since the electrolyte would be present only in a very small 
amount, it can be neglected, the amount required to set up the enamel 
being added as needed after the batch has been calculated. 

An ordinary sheet iron cover enamel will contain six or seven 
per cent of clay; therefore, the first step will be to supply this clay. 
Opposite the amount of clay we will, therefore, place the figure 6 . 00 . 
By referring to Table 16, the factors for AI 2 O 3 and SiOg in clay are 
.395 and .465, respectively. Since 6 X -395 == 2.38, the latter figure 

* This prohlem, would he less difficult, if the fluorides were represented as such, but the 
above is characteristic of a report on the chemical analysis of an enamel. 


Constituent 

NaaO.... 

K2O 

A-lsOs.... 

BoOa 

SiOo 

SnOo 

CaO 
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is placed opposite clay in the column for AlgOg. Likewise, since 
6 X A65 = 2.79 of SiOo it is placed opposite clay in the column for 
SiO^. 

Eeferring again to the melted composition, it is noted that tin oxide 
to the amount of six per cent is included and, since this oxide is used 
only as a mill addition in sheet iron cover enamels, the total amount 

(6.00) is transferred to the space opposite opaciiiers in the SnO, 
column. Under the kind of opacifier (2nd column), we place the 
formula SnOo, and under the amount we place the amount of SnO-, 

(6.00) . This value in the batch is equal to the percentage in the 
melted composition, for there is no loss on smelting tin oxide. 

On again referring to the melted composition, it will be noted that 
there is probably no other constituent which should be assigned to the 
mill addition. The next step is the subtraction of the amounts assigned 
to the mill addition from the original melted composition, the result 
being placed on the line indicated as the melted composition of the frit. 

If the enamel being calculated does not have a mill addition, the 
original melted weight will be the melted weight of the frit, and, 
therefore, can be transferred directly to this line in the chart. 

To calculate the per cent of the mill addition, divide each amount 
by the per cent of the melted composition left after these mill additions 
have been subtracted, and multiply by 100. In this example, subtract 
2.38 per cent AlgOg, 2.79 per cent SiOg, and 6.00 per cent SnOg, leaving 
88.8 per cent frit. The per cent of clay equals 6 X -Ifl- = 6.7 per 
cent and the per cent of tin oxide — 6 X = 6.7 per cent. These 
values are placed in the column indicating per cent. 

To calculate the batch composition for the frit, it is necessary to 
take the constituents in an order which will make possible a well- 
balanced batch. If this were not done, it would be necessary to fill out 
the composition with materials which are rarely used in enamels. 
The result would be an expensive and an inferior batch, which would 
probably not have the properties desired, either during fritting or as 
the frit. The chart in Table 18 gives the most common order of consid- 
ering the different constituents. Fluorine is commonly contributed to 
the batch as fluorspar or cryolite or both, although in special composi- 
tions other sources of fluorine are sometimes resorted to. 

If calcium is present in the composition, it is probably present as 
fluorspar, therefore we use sufficient fluorine in fluorspar to con- 
tribute the lime present. To do this, take the amount of CaO as given 
by the melted weight and convert it to fluorspar by dividing by the 
factor given in Table 16 for converting from fluorspar to CaO (3.70 -f' 
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^23 = 5.15). This value is then placed in the column A77ii, on the 
line for fluorspar. Under the CaO column, opposite fluorspar, place 
the amount of CaO used, and under the fluorine column opposite 
the fluorspar place the amount of fluorine used. This is determined by 
multiplying the amount of fluorspar (5^.15) by the factor for fluorine in 
Table 16 (AS7), which gives 2.51 for fluorine. Subtracting these 
values, we obtain Kemainder ( 1 ). 

On observing Kemainder (1) it will be noted that the composition 
still contains fluorine and, since there is no lime left, this fluorine is 
logically assigned to cryolite. On dividing this amount of fluorine 
(6.09) by the factor for converting cryolite to fluorine (.543), the 
amount of cryolite ( 11 . 20 ) required to furnish this much fluorine is 
obtained- This value is placed in the Amt, column opposite cryolite. 
Since 6.09 of fluorine is contributed by this cryolite, this value (6.09) is 
placed in the fluorine column opposite cryolite. The cryolite, however, 
also contributes alumina, the amount being determined by multiplying 
the amount of cryolite ( 11 . 20 ) by the factor for AI 2 O 3 in cryolite, or 
.243, which equals 2.72. This value is, therefore, placed in the AI 2 O 3 
column opposite cryolite. Cryolite also contains sodium, therefore the 
amount of cryolite ( 11 . 20 ) is also multiplied by the sodium oxide 
factor (.443), which gives the amount of NagO (4.96), which is put in 
its appropriate space. These values are then subtracted and Kemainder 
( 2 ) obtained. 

Since there is no more fluorine present, the next step is a consider- 
ation of the constituents K^O and AI 2 O 3 . In general, these are added 
as feldspar, the amount of feldspar being determined by the alumina 
content. If this results in not utilizing all of the KgO, one may either 
introduce the remainder as pearl ash or consider it equivalent to NaaO 
and introduce it as soda ash. The latter method may lead to trouble, 
if an appreciable amount is substituted. If there is insufficient potash 
to satisfy this amount of feldspar, it may be desirable to introduce some 
of the alumina as clay, thereby reducing the amount of feldspar.’’^ A 
matter of judgment is involved in these cases. 

Remainder (2) contains 5.40 parts of AI 2 O 3 , which after dividing 
by the AI 2 O 3 factor for feldspar, Table 16, gives 5.4 .183 = 29.50, 

which is placed in the Amt. column opposite feldspar. Using the 
factors and multiplying by this amount, we obtain the parts of KoO 
(29.50 X .169 = 5.00) and SiOa (29.50 X -648 = 19.11), which are 
then, with AI 2 O 3 , placed in their appropriate spaces on the chart. A 
subtraction is then made to obtain Remainder (3). 

* Most commercial feldspars contain sodium oxide as well as potassium oxide. 
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Practically all enamels contain soda nitre; therefore, this is the 
next constituent to he assigned. We will assume that it is desired to 
have about four per cent; therefore, that value will he given to the 
nitre Using the factor of Table 16, we have 4 X -360 = 1-46 of Na,0 
used as sodium nitrate. This value is placed m the Na,0 cokmr 
opposite the soda nitre and a subtraction is again made, giving 
Remainder (4). 

Borax is the next material to be considered, the amount being, if 
nossible, based on the 3,0^ content of the melt. If this requires too 
much Na,0 part of the B.Oa will have to be added as boric acid. If 
this does not use all of the Na,0, that remaining will be assigned to soda 
ash Since there are 9.80 parts of B.Oa, we divide this by the factor 
for converting borax to B.Os and obtain the amount of borax (9.80- 
300 r= 26.80). This value is then placed in the A.mt. column opposite 
borax, 9.80 is placed in the B2O3 column and (26.80 X .163 = 4.38) 
is placed in the Na^O column. A subtraction is then made, giving 

Remainder (5). . t r,. ., -m ^ • 

Since soda and silica are the only constituents left, the Na^O is 

added as soda ash, the amount of soda ash being 3.10 ■—■ .585 = 5.30, 
which is placed in its appropriate column. A subtraction is again 
made to give Remainder (6), which contains only silica. This silica is 
assigned to quartz and, since quartz is pure silica, the batch and 
melted amounts are alike. The remainder is then zero. 

To change the frit batch to per cent batch composition of the frit, 
add the amounts of each constituent, divide each constituent by the 
sum (102.55) and multiply by 100. 

The batch formula of this enamel is : 


Material 

Feldspar... 

Borax 

Quartz 

Soda ash.. 
Soda nitre 
Fluorspar. 
Cryolite.... 


Frit Batch 


Amount 
.. 28.8 
.. 26.1 
.. 20.1 
.. 5.2 

.. 3.9 
.. 5.0 

... 10.9 
100.0 


Mill Addition 

Material 

Frit 

Clay 

Tin oxide 


Amount 
..100.0 
.. 6.7 

.. 6.7 

113.4 
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Although some of the steps in this calculation are arbitrary or are 
subject to the judgment of the calculator, it shows the general method 
'R^hich may be modified slightly to fit any case in hand. 

Calculation of the Empirical Formula from the Melted or Chem- 
ical Composition and Vice Versa. The factor method of calculating 
from the melted composition to the formula and vice versa is essentially 
the same as the chemical method, therefore the reader is referred to 
page 143, in which the chemical method for this calculation is described. 

Substitution. The enameler often wishes to modify his formula 
without making extensive changes. In such cases substitution is 
resorted to, as in the use of sodium antimonate to furnish the antimony 
instead of antimony oxide, and the use of cryolite to furnish the 
fluorine in place of fluorspar. An example will show the calculation 
necessary in such a substitution. Given the following sheet iron cover 
enamel, sodium antimonate will be substituted for the antimony oxide. 


Material A.mount 

Feldspar 26 

Borax 24 

Quartz 18 

Soda ash 10 

Soda nitre 4 

Fluorspar 5 

Cryolite 8 

Antimony oxide 5 


100 


The amount of sodium antimonate necessary to furnish five parts 
of antimony oxide is first determined by dividing by the factor for 
SboOg in NaSbOg in Table 16, thus: 5 -4- .756 = 6.61. 

To determine the amount of sodium oxide in the sodium anti- 
monate, multiply the amount of sodium antimonate (6.61) by the 
factor for sodium oxide in sodium antimonate (.161), which gives 1.06. 
This sodium oxide added in sodium antimonate must be subtracted 
from some other source of sodium in the batch to avoid changing the 
chemical composition of the enamel. Since soda ash is present in a 
considerable amount, it is the logical substitution. The parts of NaoO 
(1.06) -4“ .585 = 1.81. The 1.81 parts of soda ash are then subtracted 
from the ten parts of soda ash called for by the formula (10 — 
1.81 = 8.19). 

The new formula with the substitution of sodium antimonate as a 
source of antimony for the antimony oxide is then changed to 100 
per cent and appears as follows : 
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Materials 

0 riffinal 

Composition 

X e IV 

Composition 

iv eiv 

Per Cent 
Composition 

Feldspar 

26 

26. 

26.1 

Borax 

24 

24. 

24,1 

Quartz 

18 

IS. 

18.0 

Soda asli 

10 — 1.81 = 

8.19 

8.2 

Soda nitre 

4 

4. 

4.0 

Fluorspar 

5 

0 . 

5.0 

Cryolite 

8 

S. 

8.0 

Antimony oxide 

5 substitute NaSbOs 6.61 

6.6 


100 

99.80 

100.0 


THE CHEMICAL METHOD OF CALCULATION 

Although the chemical method of calculation requires more knowl- 
edge of chemistry than the factor method, it does not require an 
extensive knowledge. It is more flexible than the factor method, and is 
often used in research and other laboratory work. This method is 
similar to the Norm method used for the calculation of minerals and 
mineral aggregates. It might well be called the molecular method, for, 
although it does not assume that the units are molecules, it treats them 
as though they were. It is based on formula or equivalent weights. 

In the chemical method of calculation, all materials are considered 
to be made up of oxides, rather than of the elements used in pure 
chemistry. Fluorine and fluorine compounds, however, are exceptions 
and are considered as such. 

The oxides may be divided into three groups : the acid oxides, the 
basic oxides, and the intermediate oxides. The basic oxides have the 
general empirical formula RoO or RO, the intermediate oxides R2O3, 
and the acid oxides ROo, where R represents any element and 0 
represents oxygen. 

The ordinary oxides occurring in enamels are included in the 
following classification : 


Bases 


Inteemeuiates 

Acids 


Et >0 or BO 


I1203 


EOo 


Sodium oxide 

.CaO 

Aluminum oxide 

-AbOs 

Silicon dioxide 

...SiOi 

Potassium oxide 

..MnO 

Boric oxide 

..B2O3 

Titanium oxide 

...TiOs 

Calcium oxide 

..BaO 

Ferric oxide 

..FSaOs 

Zirconium oxide 

,..ZrO. 

Magnesium oxide.... 

..K.O 

Antimony oxide 

■SbaO. 

Manganese dioxide... MnOj 

Barium oxide 

.NaoO 

Chromic oxide 

. Gr 203 



Zinc oxide 

.MgO 





Ferrous oxide 

.ZnO 





Manganous oxide.... 

.-FeO 





Lead oxide 

..PbO 





Cobalt oxide 

.CoO 
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In the chemical analysis of raw materials and products the results 
are generally expressed in terms of the oxides most likely to be present. 
A chemical analysis of a feldspar, for example, will appear as follows : 


Felbspas Analysis 


Cora position J. mount 

SiO> 65.58 

AUOa 19.36 

CaO 0.16 

MgO 0.20 

K.0 12.4:4 

Na20 2.56 


The Calculation of the Empirical Formula from the Melted or 
Chemical Composition. The method of calculation from the melted 
composition or the chemical composition to the empirical formula is 
identical’^ 

To calculate the empirical formula from the melted composition, 
the amount of each constituent is divided by the equivalent weight t of 
each oxide, the resulting values being termed equivalents. The follow- 
ing example shows such a calculation for a feldspar : 


Example 

Constituent Amount Equivalent Weight Equivalents 

SiOa 65.58 ^ 60.1 = 1.091 

AlaOa 19.36 101.9 = 0.190 

CaO 0.16 56.1 = 0.003 

MgO 0.20 40.3 = 0.005 

KoO 12.44 94.2 — 0.132 

NaoO 2.56 62.0 0.041 


The second step in the calculation consists in the arrangement of 
the oxides in the form of the empirical formula, thus : 


0.132 KoO 
0.041 NaaO 
0.003 CaO 
0.005 MgO 


0,190 ALOs • 1.090 Si02 


The RO group is then calculated to a total of 1.000. This is done 
by adding the equivalents of the RO group and dividing the equiv- 
alents of each of the oxides in the formula by this sum. These values 
arranged as a formula constitute the empirical formula of the feldspar : 


0.729 K 2 O 
0.226 NaaO 
0.017 CaO 
0.028 MgO 


1.05 AI 2 O 3 • 6.023 SiOa 


* If the melted composition is calculated, it may differ from the results of a chemical 
analysis, because some of the enamel constituents may be lost in smelting and firing, 
t The equivalent weights: of the oxides are givem in Table 62 of the appendix. 
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Although the values would be different in calculating an enamel, 
the procedure is the same as that for a feldspar. 

The Calculation of the Farmula Weight. The formula weight is 
calculated by multiplying the number of equivalents of each constit- 
uent in the empirical formula by the equivalent weights of the par- 
ticular constituents. The sum of these products is the formula weight. 


Example 


Empiriccd Formula 

0.729 KzO 

X 

Equivalent Weight 

94.2 == 

68.6 

0.226 NaoO 

X 

62.0 = 

14.0 

0.017 CaO 

X 

56.1 = 

1.0 

0.028 MgO 

X 

40.3 = 

1.1 

1.050 AI 2 O 3 

X 

101.9 = 

107.0 

6.023 SiOa 

X 

60.1 = 

362.0 


Formula Weight = 553.7 

The formula weight would be the equivalent weight and molecular 
weight of a material, if the empirical formula were the actual molecu- 
lar formula of the material. For the purpose of calculation it is used 
as though it were the molecular weight and it is called the formula 
weight to avoid the misuse of the term molecular weight. 

The Calculation of the Melted or Chemical Composition from the 
Empirical Formula. The calculation of the chemical composition 
from the empirical formula consists of two steps. First, we multiply 
the equivalents of each constituent in the formula by its equivalent 
weight ; secondly, we add these products and change to per cent by 
dividing each by the sum and multiplying by 100. 

Example. Taking the formula of an enamel and arranging the 
equivalents in tabular form, the following illustrates the calculation 


.196 AhOz 
.o38 B 2 O 3 


2.212 SiOa 
.057 M 11 O 2 
.254 E 2 


.582 Na-O 
.135 K 2 O 
.257 CaO 
.005 MgO 
.021 CoO 

of the melted composition: 

Constituents Equivalents 

NasO 582 X 

K=0 135 X 

CaO .257 X 

MgO 005 X 

CoO. 021 X 

AWK 196 X 

B.O^ 538 X 

SiO.. 2.212 X 

MnO.. 057 X 

Ft. . 234 = X 


Equivalent 

Weight 

62.0 



Itdative 

Amount 

36.08 

Per Cent 
Composition 

13,37 

94.2 

= 

12.72 

4.72 

56.1 

= 

14.42 

5,34 

40.3 

= 

.20 

.07 

74.9 

== 

1.57 

.58 

101.9 


19.97 

7.40 

69.6 

= 

37.45 

13.87 

60.1 

== 

132.94 

49.25 

86.9 

=- 

4.95 

L83 

38.0 

= 

9.65 

3.57 


SlBB. 

269.95 

lOOA 
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The Calculation of the Batch Composition from the Melted or 
Chemical Composition. It is often desired ta calculate the batch com- 
position from the chemical analysis of an enamel. This calculation 
requires a knowledge of enamels and good judgment, since there are 
many possible batch compositions which could be obtained from the 
same chemical composition. If one has a knowledge of the type of 
enamel used, he can closely approximate the batch composition, but 
there is no way of being absolutely sure. A chemical analysis does not 
give a very good indication of the volatile substances which the batch 
contains, and, therefore, it leaves this to the experience and judgment 
of the calculator. 

The following example will illustrate the calculation of a sheet iron 
ground coat batch composition from the chemical analysis.^ 

Example. The chemical analysis of a sheet iron ground coat is as 
follows : 


Constituents Amount 

NasO 13.37 

KaO 4.74 

OaO 5.34 

MgO 07 

AlaOa 9.79 

B2O3 13.86 

SiOs : 52.04 

E 2 3.57 

CoO 58 

MnOo 1.83 


Sum 105.19 


The first step in the calculation is that of converting the amount 
of each constituent into equivalents by dividing each by its equivalent 
weight as follows : 


Constituents 


Amount 

Equivalent Weight 


Equivalents 

Na^O 


13.37 

62. 

= 

.2156 

KaO 


4.74 

94.2 


.0504 

CaO 


5.34 

56.1 


.0952 

MgO 


07 

40.3 

= 

.0017 

AlaOs 


9.79 

101.9 

= 

.0961 

B 2 OS 


13.86 

69.6 

— 

.1992 

SiOs 


52.04 

60.1 


.8663 

F. *. 



3.57 

38.0 

== 

.0940 

OoO 


58 

74.9 


.0077 

M 11 O 2 


1.83 

86.9 


.0211 


t Thjie cliemical compositioxL from analysis would be tiie same as the calculated melted 
ccanpositioh,; if no loss of fixed oacides or fluorine occurred during smelting. 
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After the equivalents for each constituent have been calculated, 
they are tabulated as shown in Table 19. This method of tabulation 
greatly facilitates calculation and is very convenient. 

At this point one must inspect the situation carefully. In the 
present example, for illustration, one is dealing with a sheet iron 
ground coat ; therefore it is necessary to consider the mill addition first. 
The mill addition of most ground coats consists of six or seven per cent 
of clay and a very low percentage of electrolyte. Since the amount of 
electrdyte is very small, it is usually neglected, but the clay must be 
considered. Clay has the formula AI2O3 * 2Si02 2H2O ; therefore it 
contributes both AI2O3 and Si02 to the melted composition. If we 
take .0234 equivalent of clay, which in the present problem will result 
in about six per cent of clay in the mill addition, it will contribute 
.0234 equivalent of AI2O3 and 2 X -0234 = .0468 equivalent of SiOj to 
the enamel. Twice as many equivalents of SiOa as AUOg are contrib- 
uted, because of the fact that there are two equivalents of SiO, in the 
clay molecule and only one equivalent of AlgOg. The number of equiv- 
alents of clay (.0234) is placed in the column headed Batch Equiv- 
alents, and under the composition on the same line with the words, 
Clay (Mill). The amounts of AI2O3 and SiOg (.0234 and .0468 respec- 
tively) are placed opposite clay in their appropriate columns, as 
shown in Table 19. The equivalents of AI2O3 and SiOg contributed by 
the clay are then subtracted from the enamel composition and the 
first remainder is obtained. 

In general, after disposing of the materials entering the mill batch, 
it is a good plan to assign the oxides which can be obtained from only 
one material, that material furnishing only one oxide. These can all 
be handled in one subtraction. In the present example we have two ; 
CoO, which can be added as CO3O4, and MnOg, which is added as 
MnOj, as shown in Table 19. Since there are three CoO equivalents 
in one OO3O4, only one-third as many equivalents of CO3O4 (.0026) are 
required as CoO equivalents (.0077). The MnOg is added in the 
number of equivalents required (.0211). After placing these in the 
appropriate columns, another subtraction is made and the second 
remainder is obtained. 

The fluorine compounds are the next logical constituents to be 
disposed of. Since this is a sheet iron ground coat, it is not Jikely to 
contain cryolite, and since it does contain CaO, this calcium should be 
assigned to fluorspar, thus using all of the fluorine shown by the 
chemical analysis. It will be noted that there are more equivalents of 
CaO (.0952) than there are of F2 (.0940 )y which indicates that the 



TABTaTl 19 

This Galcudation of the Batch CoMPOsiTioisr phom the Meeted Composition Using Equivalents. 



Seventh Eemainder. 
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fiiTorine content is either low or CaO is contribnted from some other 
source. Whiting is not commonly used in a sheet iron ground coat, and 
especially not in such a small amount as to furnish this CaO (,0012 
equivalent). On referring to the feldspar formula, page 143, it is 
noted that the feldspar contributes a small amount of CaO, therefore 
it is logical to assume that this .0012 equivalent of CaO is contributed 
by feldspar. In ordinary calculations this small amount of CaO might 
be neglected, but, as shown in the present example, it is actually taken 
care of by the feldspar. 

On calculating a batch from an actual chemical analysis, the 
fluorine is usually lower than would be expected from the composition 
of the raw materials, because some of the fluorine is lost in smelting 
and firing. In calculating under such conditions, the amount of 
fluorine lost must be estimated and introduced in the calculation. The 
amount of CaO often indicates the amount of fluorine which should be 
present, as in the present example of a sheet iron ground coat the CaO 
is practically all contributed as fluorspar with no cryolite present. 
Such conditions make the calculation of a batch from a chemical 
analysis uncertain, 

Eeturning to the example, the fluorine (.0940 equivalent) is all 
calculated to fluorspar (.0940 equivalent) requiring .0940 equivalent 
of CaO. These amounts are placed in their appropriate columns of 
Table 19, a subtraction is made, and the third remainder is obtained. 

Since the alumina is not added as cryolite and since the mill 
addition of clay has already been taken care of, the only other 
logical addition of this oxide is as feldspar. Clay is not usually added 
in the frit, because it is desirable to use as much feldspar as the AlgO^ 
will permit, the feldspar being a cheap source of the alkalies. 

In the third remainder, there is .0727 equivalent of ALOg, which is 
assigned to feldspar, the amounts of the various constituents con- 
tributed by the feldspar being placed in their appropriate columns 
opposite feldspar. In the feldspar being used, the formula on page 143 
shows 1.05 equivalents of AI 2 O 3 and, since .0727 equivalent of AlgOg 
is required for the enamel, only .0727 -4- 1.05 or .0692 equivalent of 
feldspar is used. The amount of feldspar (.0692) is placed in the Batch 
Equivalents column and the amount of AI 2 O 3 (.0727) is placed in the 
AI 2 O 3 column. Table 19. This amount of feldspar also contributes 
.0692 times the equivalents of NagO, KgO, CaO, MgO, and SiOj 
indicated by the feldspar formula. If the CaO and MgO are very smah, 
they may be neglected, but they are considered in this example. The 
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number of equivalents of each oxide is placed in its column, and a 
subtraction made, which gives the fourth remainder. 

The fourth remainder contains NagO, BgOg, and SiOa- The BoOg is 
assigned to borax Na2B4O7-10H2O, which contributes NagO as well as 
B2O3. Since there are two molecules of B2O3 in the borax molecule, 
only one-half as many equivalents of borax are required as BoOg 
equivalents, to satisfy the composition (.1992 -1- 2 = .0996) ; therefore 
.0996 equivalent of borax is added, which, in turn, contributes .0996 
equivalent of NaaO. After placing these values in the appropriate 
columns, another subtraction is made and the fifth remainder is 
obtained. 

Only about one-fourth of the remaining Na20 is assigned to soda 
nitre, which is practically always present, but only in small amounts 
(3-5%). Since one molecule of soda nitre (NaNOg) contains only 
one-half an equivalent of NaaO, twice as many equivalents of NaNOg 
must be used to furnish a given number of equivalents of Na20. If 
.0223 equivalent of Na^O is to be contributed by NaNOg, .0446 equiv- 
alent of NaNOg is required. These values are placed in the table and 
another subtraction made, giving the sixth remainder. 

The remaining NagO is assigned to soda ash (NagCOg) and the 
SiOg is assigned to quartz. The final subtraction of these two, results in 
the seventh remainder, which equals zero. 

The batch composition has now been obtained in terms of equiva- 
lents as shown by the column headed Batch Equivalents in Table 19. 
To change these equivalents to weights, multiply each by its equivalent 
or formula weight. Add the products of the frit constituents and 
divide each product by the sum. Multiply by 100, to obtain the per cent 
batch composition of the frit. 


Materials 

Batch 

Equivalents 


Equivalent 

(Formula) 

Weight 


Batch 

Per Cent 
Frit 
Batch 

Clay 

0234 

X 

258.0 


6.04 


Cobalt oxide 

0026 

X 

240.8 

= 

.63 

0.51 

Manganese dioxide. 

0211 

X 

86.9 

= 

1.83 

1.50 

Fluorspar 

0940 

X 

78.1 

= 

7.34 

6.00 

Feldspar 

0692 

X 

553.7 


38.32 

31.31 

Borax 

0996 

X 

381.4 

= 

37.99 

31.04 

Soda nitre 

0446 

X 

85.0 

= 

3.79 

3.10 

Soda ash 

0781 

X 

106.0 

— 

8.28 

6.77 

Quartz 

4025 

X 

60.1 

= 

24.19 

19.77 





Sum 

122.37 

100.00 


To obtain the per cent clay to be added as a mill addition, the 
amount of clay (6.04) is divided by the melted weight 122.37 and mul- 
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titipliecl by 100. In the present case the value can be taken directly, 
but if the melted ^Yeight were other than 100, the calculation would 
be necessary. 

The amount of clay added to 100 parts of frit in the mill is 
■^X 100 = 6.04 

The batch composition of the enamel, arranged in the customary 
manner, is as follows : 

Frit Batch 


Feldspar n.?> 

Borax 31.0 

Quartz 10.8 

Fluorspar 6.0 

Soda nitre 3.1 

Soda ash 6.S 

Cobalt oxide o 

Manganese dioxide l.o 


100.0 

Mill Batch 

Frit 100.0 

Clay 6.04 


The amount of water and electrolyte depends upon the kind of 
clay used, the kind of electrolyte, the condition of the slip, and the 
properties desired.* 

The Calculation of the Melted Composition from the Batch Com- 
position. This calculation does not depend upon the experience or 
judgment of the calculator, because there is only one melted composi- 
tion for a given batch composition. The mode of representation some- 
times differs from one person to another, because some prefer to 
represent the fluorine as fluorine, w^hile others represent it as fluorspar, 
cryolite, or sodium fluoride and aluminum fluoride. There are advan- 
tages in each mode of representation. It has been proved that cryolite 
does not exist in an enamel as such, but that fluorspar does exist in 
some enamels as calcium fluoride. It is quite probable that the compo- 
sition of an enamel greatly influences the amounts of the fluorine 
compounds when such exist. Although the presence of the fluorine 
compounds is not always certain, it remains that a melted composition, 
represented so that fluorine is present as the compounds of decomposi- 
tion compounds of the form in which it was added, does indicate the 
source of the fluorine. Antimony may be present in the finished 
enamel as any one or more of its oxides SbgOs, Sb 204 , and SbaOg. It 


This is eoqplalu&d and described on page 253. 



ENAMEL CALCULATIONS 


151 


has been shown that in certain opaque enamels it is present as SboO.,, 
but in its dissolved condition it is usually assumed to be present as 
Sb.Os. 

In the calculation of the chemical composition from the batch 
composition of an enamel, the amounts of the frit batch are converted 
to per cent by adding the frit batch constituents, dividing each by the 
sum and multiplying by 100. 

Example. The following sheet iron ground coat will be calculated 
from the batch composition to the melted composition, including the 
mill addition. 

Frit Batch 


Materinls Amount 

Feldspar 31 

Borax 31 

Quartz 20 

Soda ash 7 

Soda nitre 3 

Fluorspar 6 

Manganese dioxide 1.5 

Cobalt oxide 0.5 


100.0 


Mill Batch 


Materials Amount 

Frit 100.0 

Clay 0. 

Water 43. 

Borax 0.3 


The first step of the calculation is the conversion of the amounts of 
each constituent to equivalents. This is accomplished by dividing the 
amount of each constituent by its equivalent or formula weight, as 


follows : 

Materials 

Feldspar 

A.mou7it 

31. 

Frit Batch 

Equivalent 

(Formula) 

Weight 

^ 553.7 


Equivalents 

.0560 

Borax 

31. 

^ 381.4 

= 

.0812 

Quartz 

20, 

60.1 

= 

.3326 

Soda ash 

7. 

-J- 106.0 

== 

.0660 

Soda nitre 

3. 

85.0 

= 

.0353 

Fluorspar 

6. 

78.1 


.0769 

Manganese dioxide... 

1.5 

-J- 86.9 


.0173 

Cobalt oxide 

0.5 

240.8 

= 

.0021 
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The equivalents are next tabulated as in Table 20. This is a most 
convenient method of arranging the figures for calculation. 

1. Eeferring to the formula of the feldspar used in the batch, 
page 143, multiply the number of equivalents of each oxide in the 
formula by the number of equivalents of feldspar used, and insert in 
Table 20. 


Constituents Equivalents Equivalents Equivalents 

in Feldspar of Feldspar Used 

lfa,0 226 X .0560 = .0126 

ICjO 729 X .0560 = .0408 

CaO 017 X .0560 = .0009 

MgO 028 X .0560 = .0016 

ALOj 1-05 X .0560 = .0588 

SiO. 6.023 X .0560 = .3375 


2. The borax molecule • lOHgO contributes one equiv- 

alent of NagO for each equivalent of borax and two equivalents of 
B2O3 for each equivalent of borax. Thus, if .0812 equivalent of borax 
is added, we obtain .0812 equivalent of NagO and 2 X .0812, or .1624, 
equivalent of B2O3. These are placed as shown in Table 20. 

3. Quartz contributes only SiOg, giving the same number of equiv- 
alents as were introduced. 

4. Soda ash contributes one equivalent of Na-gO for each equivalent 
of NasCOg added. 

5. Soda nitre contributes only one-half as many NagO equivalents 
as sodium nitrate equivalents added, since there is only one-half of 
an equivalent of NagO in one sodium nitrate molecule. 

6. Fluorspar contributes one equivalent of CaO and one equiv- 
alent of F2, or one equivalent of CaFg for each equivalent of CaF^ 
added. 

7. Manganese dioxide remains as MnOs and, therefore, the equiva- 
lents used can be transferred directly to the appropriate column in the 
table. 

8. Cobalt oxide is added as C03O4 ; it, therefore, contributes three 
CoO equivalents for each equivalent of CO3O4 added. 

The totals for each constituent are next determined by adding the 
vertical columns. These totals represent the number of equivalents of 
each oxide and of fluorine. To change these to weights, multiply each 
by its equivalent weight, and then change to per cent by adding the 
products and dividing each by this sum and multiplying by 100. 



TABLE 20 



Sum .1775 .0408 .0009 .0016 .0588 .1624 .6601 .0173 .0063 .0769 
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Constituent 

Equivalent 


Equivalent 

Weight 


A mount 

-Per Ger\t 
Frit 

NasO 

1775 

X 

62.0 


11.01 

13.78 

K,0 

0408 

X 

94.2 

= 

3.84 

4.81 

CaO 

0009 

X 

56.1 

= 

.05 

.06 

MgO 

0016 

X 

40.3 

= 

.06 

.07 

AhCh 

0588 

X 

101.9 

= 

6.00 

7.51 

B 2 O 3 

1624 

X 

69.6 

— 

11.30 

14.15 

BiOz 

6601 

X 

60.1 


39.66 

49.63 

MnOa 

0173 

X 

86.9 

= 

1.50 

1.88 

CoO 

0063 

X 

74.9 

= 

.47 

.59 

7.52 

CaE^ 

0769 

X 

78.1 

= 

6.01 




Sum 

= 

79.90 

100.00 


After calculating the per cent frit composition the mill additions 
must be considered. Since the mill addition calls for six parts of clay 
to one hundred parts of frit, the amounts of AI2O3 and SiO. added to 
the enamel by this amount of clay must be determined and added to 
the per cents of ALOg and SiOo in the frit composition to give the 
composition of the complete enamel. Their values are then changed to 
per cent by adding them together and dividing each by the sum and 
multiplying by 100. The electrolyte is neglected. 

To calculate the amounts of AlgOg and SiOg in six parts of clay, 
divide the amount 6 by the formula weight of clay 258, which changes 
it to equivalents (6 h- 258 — .0232 equivalent of clay). The empirical 
formula for clay, AhOg • 28100 * 2H2O, shows it to contain one equiv- 
alent of AI2O3 and two equivalents of SiOo for each equivalent of clay; 
therefore, .0232 equivalent of clay furnishes to the enamel .0232 equiv- 
alent of AI0O3 and 2 X -0232 — .0464 equivalent of SiOo. To change 
these to weights, multiply each by its equivalent w^eight as follows : 


Gonsmuent Equivalent Equivalent Weight Amount 

AI 2 O 3 0232 X 101.9 == 2.37 

SiOs 0464 X 60.1 = 2.79 


These values are added to the per cent frit composition. Since the 
sum does not then equal 100, the total composition is changed to per 
cent by dividing each constituent by the sum and multiplying by 100. 


Frit 

Constituent 

Amount 

MUl 

Addition 


Enamel 

Constituent 

Per Cent 
Enamel 
Constituent 

NaaO 

13.78 


= 

13.78 

13.10 

K.0 

4.81 


=r: 

4.81 

4.57 

CaO 

06 


= 

.06 

.06 

MgO 

07 



.07 

.07 

AhOz 

7.51 

+ 2.37 

= 

9.88 

9.40 

B 2 O 3 

14.15 



14.15 

13.45 

SiOs 


+ 2.79 


52.42 

49.86 

MnOi 

^ RR 



1.88 






i./O 

CoO 

59 


= 

.59 

.56 

CaPs 

7 52 



f7 fCO 

O' tK 









. Sum 


105.16 

100.00 
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Substitution. Substitution by the chemical method is quite similar 
to that of the factor method, except that equivalents are used. Take 
the example of substituting sodium antimonate for antimony oxide in 
the batch composition of a sheet iron cover enamel. 


Material Amount 

Feldspar 26 

Borax 24 

Quartz 18 

Soda ash 10 

Soda nitre 4 

Fluorspar 5 

Cryolite 8 

Antimony oxide 5 

100 


Again the first step is to determine the amount of sodium anti- 
monate necessary to furnish five parts of antimony oxide. To do this, 
divide the amount of antimony oxide, 5, by its equivalent weight, 291.5, 
which gives the number of equivalents, .01715. Since sodium anti- 
monate, NaSbOa, contains only one-half as many equivalents of Sbo 03 
as does the antimony oxide SboOy, twuce as many equivalents are 
necessary (2 X -01715 = .0343). By multiplying the number of 
equivalents of sodium antimonate (.0343) by the equivalent weight 
of sodium antimonate, 192.8, (Table 62) the number of parts of sodium 
antimonate to be added is obtained : .0343 X 192.8 = 6.61. 

However, .0343 equivalent of sodium antimonate NaSbOg contains 
one-half as many equivalents of sodium oxide, Na^O, and is equivalent 
to the sodium in one-half as many equivalents of soda, NagCOs. Then, 
to compensate for the sodium oxide added as sodium antimonate, 
one-half as many equivalents of soda ash as sodium antimonate must 
be subtracted from the soda ash of the original formula. To do this 
.0343 equivalent -~2 — .01715 equivalent of soda ash and on multi- 
plying by the equivalent weight of soda ash (.01715 X 106 = 1.81), 
the parts of soda ash to be subtracted from that in the original formula 
are obtained. 

The substitution is then applied as follows : 
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Per Cent 

Original ^ ew^ 

Material Composition Composition Composition 

Feldspar 26 26 26.1 

Borax 24 24 24.1 

Quartz IS 18 18.0 

Soda ash 16 — 1-81 8.19 8.2 

Soda nitre ^ ^ 4.0 

Fluorspar 5 5 5.0 

Cryolite 8 8 8.0 

Antimony oxide 5 substitute NaSbOs 6.61 6.6 


99.80 100.0 

THE USE OF CHARTS TO FACILITATE THE CALCULATIONS 
^ Where there is considerable calculation to do, it is often convenient 
to construct charts for this purpose/ These charts, if drawn on a fairly 
large scale, are quite accurate, but most of those published are too 
small to be depended upon. 

By plotting raw materials on the vertical axis and equivalents on 
the horizontal axis, with diagonal lines indicating the relations between 
these two values for the different materials, the most useful type of 
chart is obtained. 54 illustrates such a chart. 

The relative amounts of the raw materials (batch composition) are 
located on the vertical axis, from which one projects across the chart 
to the intersection with the appropriate diagonal. From this inter- 
section, drop down to the base line and read off the equivalents of the 
constituents desired. It then remains only to bring the RO group to 
equal unity and the formula is obtained. 

An example of the use of the chart is as follows : 

Eramel Batch Composition 


Materials Formula Amount (lbs.) 

Feldspar K 2 O * AhOz • eSiO^ 170 

Borax Na 20 * 2 B 203 - 10 H 20 150 

Quartz SiOs 100 

Soda ash NaaCOa 40 

Soda nitre NaNOa 10 

Cryolite Na»AlFe 30 


500 

To obtain the relative equivalents of K 2 O and AI 2 O 3 in feldspar, 
Figure 54, locate 170 on the left hand vertical axis, project over to the 
feldspar diagonal, and from the intersection drop down to the base 
line which indicates .31 equivalents of K^O and AI 2 O 3 . Next project 
over from 170 to the feldspar-silica diagonal and again drop down to 
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get the equivalents of SiO^, which are 1.84. If, as in this case, the 
diagonal for feldspar-silica does not intersect the 170 horizontal, take 
half of 170, or 85, as the horizontal, project over to the intersection 
and drop down to the base line to obtain .92 as the equivalents which 
must then be multiplied by 2 which equals 1.84. 

The other materials are handled in a similar way and tabulated as 
follows : 


Material 

Amount 




Constituents 





NaaO 


K 2 O 

AZ 3 O 3 

B 2 O 3 

Si02 

F 2 

Feldspar 

170 



.31 

.31 


1.84 

.... 

Borax 

150 

.39 




.79 


.... 

Quartz 

100 






1.66 

.... 

Soda ash 

40 

.38 






.... 

Soda nitre 

10 

.06 






.... 

Cryolite 

30 

.21 



.07 

.... 


.43 


RO 



R^Oz 


RO 2 




1.04 Na-O 


.38 

AI 2 O 3 


3.50 SiOa 




.31 K 2 O 


.79 

B 2 O 3 


.43 Fa 




Divide the equivalents of each constituent by the sum of the R.0 
equivalents (1.35) and arrange the empirical" formula as follows: 

.77 NaaO .28 AhOz , 2.59 SiO= 

.23 KsO * .58 B 2 O 3 * .32 F 2 

Although a fair degree of accuracy is shown here, a larger chart is 
necessary. Such a chart can be easily constructed by calculating one 
point for each diagonal and drawing a line through this point and the 
zero point at the lower left hand corner. To obtain this point divide the 
amount of the raw material by the equivalent weight, which gives the 
number of equivalents of the constituent desired. 

Other charts may also be found useful, such as one for the conver- 
sion from batch or formula composition to melted composition and 
vice versa. These are constructed in a similar manner. 

Large, accurately drawn charts are very convenient, not only for 
straight calculations but also for substitutions in a composition. 

In a similar manner, the calculation from batch to melted composi- 
tion and vice versa can be facilitated. The chart shown in Figure 55 
is for this purpose, and it is used in the same manner as the chart in 
Figure 54. In this case, however, it is suggested that the figures in 
Table 16 be used to lay out the calculation. The chart merely serves 
to replace Table 16 in the regular factor method of calculation. 

The chart shown in Figure 56 can be used for calculating from the 
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melted composition to the formula, since it serves to convert melted 

weights to equivalents. t i 

If charts are to be used for calculation, it is recommended that they 

be accurately drawn on a 2 x 2 foot surface so as to give the accuracy 
desired in calculating enamels. Such a chart should be made in one 
piece, mounted on a stiff board, the accuracy not being sacrificed for 
convenience in folding or handling. 
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Figure 54. Curves for conversiou of Raw Batch to Equivalents. 
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EQUIVALENTS 

Figure 56. Curves for Conversion of Melted Composition to Equivalents. 




CHAPTER 7 

Enamel Compositions 

The common classification of enamels divides them into four large 
groups as follows: (a) Sheet iron or steel enamels, (b) Dry process 
east iron enamels, (e) Wet process cast iron enamels, and (d) Jewelry 
enamels. Although it is possible to use some cast iron enamels on sheet 
iron and some sheet iron enamels on cast iron, this practice is not 
common. An enamel is usually designed for a particular use in which 
it gives the most satisfactory service. This classification into the four 
groups is natural as it is convenient both in the industry and in the 
laboratory. 

CLASSIFICATION OF ENAMEL COMPOSITIONS 

Sheet Iron or Steel Enamels, Sheet iron or steel enamels are 
enamels applied to sheet iron or steel. Most of the enameling sheet 
stock is a low carbon iron, steel being used only where considerable 
strength is required. 

Sheet iron enamels may be further classified as follows : 

1. Ground coats 

(a) Cobalt ground coats 

(b) Light-colored ground coats 

2. White cover coats 

(a) Soft cover enamels 

(b) Acid-resisting cover enamels 

3. Colored enamels 

(a) Colored frits 

(b) Glazes 

4. Miscellaneous enamels 

(a) Beading enamels 

(b) Decalcomania 

(c) Graining enamels 

(d) Mottled enamels 

Dry Process Cast Iron Enamels. Dry process east iron enamels are 
enamels used in the powder method of enameling cast iron. In this 
process the iron casting is coated with a refractory first coat anc 
heated, whereupon the cover enamel is applied to the hot ware by dust 
ing it through sieves. Dry process enameling is particularly suitabh 
for heavy castings which require a considerable time to come up t( 
temperature. 
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Dry process cast iron enamels can be classified as follows : 

1. Ground coats (slush coats) (grip coats) 

(a) Sintered ground coats 

(b) Glassy ground coats 

2. White cover enamels 

(a) Tin enamels 

(1) Leadless 

(2) Low-lead 

(3) High-lead 

(b) Antimony enamels 

(1) Leadless 

(2) Low-lead 

(3) Medium-lead 

(c) Acid-resisting enamels 

3. Colored enamels 

(a) Colored frits 

(b) Glazes 

Wet Process Cast Iron Enamels. Wet process cast iron enamels are 
the most difficult enamels to use. They are particularly suitable for 
use on light-weight castings and are very fusible. 

Wet process east iron enamels can be classified as follows: 

1. Ground coats 

2. White cover enamels 

(a) Leadless 

(b) Low lead 

(c) High lead 

3. Colored cover enamels 

(a) Colored frits 

(b) Glazes 

Jewelry Enamels. The so-called jewelry enamels cover a highly 
specialized field of enameling. Jewelry enamels are of the type used 
on bronze, brass, copper, and the precious metals. / 

Jewelry enamels may be classified as follows: 

1. Enamels used on precious metals 

2. Copper enamels 


ENAMEL COMPOSITIONS 

The composition of an enamel is complicated both by the number of 
elements' which it contains and also the varied source of these elements. 
It is a glass formed by the fusion, solution, and, reaction of a number 
of raw materials. 4^^ enamel is an^^u^^^ solution, but in 

a ddition it holds in susnension color oxides, ppaeifiers, apd gases. It 
might be considered to. be a solid..,^mul^ion or sus since the color 

and opacity are due in many cases to the dispersion of these materials 
thi:oiighout the matri:^ of glass. ^These opacifying or color particles are 
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SO small that they cannot be seen with a high-powered microscope. 
Some are crystals produced on cooling the glass, others are caused by 
the dispersion of solid particles in the molten glass, and still others 
are probably due to immiscible melts dispersed in the molten material. 
Enamel glasses are, therefore, not unlike water solutions, suspensions, 
or emulsions. There is positive evidence that they are subject to the 
same general laws as other systems of this type. As clay is suspended 
in water, so the opacifiers are suspended in the glass. It is highly 
probable that electrolytes play an important part in the dispersion of 
these opacifiers, just^as they affect the dispersion in a elay^ slip. 

Since many factors influence the enamel constitution,' a chemical 
analysis gives only part of the information. Chemical changes take 
place in the formation of enamel glasses, but it is doubtful if these 
reactions are ever complete in ordinary enamel manufacture. It is, 
quite probable that, were these reactions complete, the enamel wofdd 
not remain vitreous (glassy), but would devitrify (crystallize), in 
which case the ultimate constitution would be indicated by the crystals 
formed. The organic chemist does not consider that an ultimate 
analysis gives complete information, and neither should the ceramist 
or enamel chemist. 

‘ When the enamel is applied to the iron and fired, it is changed 
both chemically and physically.. Consider for example the sheet iron 
cobalt ground coat. In this enamel there are many evident changes 
during application and firing. In drying, the water evaporates from 
the enamel, carrying the soluble salts to the surface and concentrating 
them there. The iron rusts, and some of this rust is absorbed by the 
enamel, as is often evidenced by the discoloration. During the firing 
this iron oxide (rust) changes from the red to the black oxide. The 
iron is further oxidized and a scaly layer forms between the enamel and 
the iron. With further heating this black oxide scale disappears, 
probably going into solution in the enamel. The cobalt blue color of 
the enamel fades as the firing proceeds and a light green shade, charac- 
teristic of iron-bearing glasses, takes its place. The gases in the enamel 
and those' formed at the interface slowly escape through the molten 
enamel until finally the glass settles down to a smooth surface. These 
are complicated changes, affecting not only the physical condition of 
enamel, but also its chemical composition. 

> All ground coats undergo similar changes and, on tiring cover 
enamels, volatilization, decomposition, solution, and reaction with the 
ground coat cohlafibH,t6 to the physical and chemical changes of both 
the ground Coat and the eov^ enjamdl^ 
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In smelting enamel batches violent changes take place, as described 
in Chapter 8. Composition is controlled through this process, to a 
limited extent, but given a definite composition, as a frit, there are 
many operations in the working of the enamel which have a decided 
effect on the physical and chemical properties of the finished enamel 
ware. 

The chemical composition of an enamel is, however, largely con- 
trolled by means of the raw batch of the unsmelted enamel. Its chai^- 
acteristics in smelting, milling, applying, and firing must be considered 
in compounding the batch. There are so many factors which influence 
the enamel after the batch is actually weighed out accurately," how- 
ever, that great care must be exercised to obtain a uniform product. 
These considerations explain, largely, why an enamel working "well in 
one plant often does not prove satisfactory in another. If conditions 
were identical, it would work the same in both plants. 

It is evident, on considering these factors in the making of a success- 
ful enamel, that a good batch formula is only one step and not a 
solution of the difficulties in the making of a good enameled product. 
Many good enamel formulae will be found in the pages of this book, 
but care and patience must be used in the introduction of any new 
enamel composition into the routine of a plant. 

^SHEEX IRON OR STEEL ENAMELS^ 

Sheet iron enamels are usually designed to fire at temperatures 
between 1500 and 1600° F in a few minutes on ,18„tQ^ -22 gauge iron. 
The gauge of the metal stock, however, influences the firing time; 
therefore very heavy gauge ware may require thirty minutes or even 
more. When the enamels are designed to fire below 1500° F, they are 
usually quite soluble and cannot, therefore, be used on all kinds of 
ware. If the enamels fire above 1600° F, warping of the iron is usually 
encountered. Where heavy stock is used, the enamels may be fired at 
somewhat higher temperatures. The thickness of the stock, the shape 
of the piece, and the thickness of the enamel coating are factors which 
must be considered in fifing any enamel. 

SHEET IRON GROUND COATS 

Sheet iron or sheet steel enamels require a special ground coat to 
give the proper adherence of the enamel. Although there are white 
and gray ground coats, the cobalt blue ground coat is still far more 
eommon in plant practice than any other type. It has long been the 
dream of the enameler to make white or specially colored sheet iron 
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ground coats, but only in a few cases have they been found econom- 
ically successful. A discussion of these special types will follow the 
discussion of the cobalt ground coat. 

A good ground coat is essential to the successful enameling of sheet 
iron. This ground coat must melt down smooth, it must have a wide 
bring range, and it must not copper-head, blister, fishscale, tear, craze, 
or chip. Although most ground coats have a good gloss, this is not 
necessary. 

The Cobalt Ground Coat. Since the cobalt ground coat is a cobalt 
glass, it is blue in color, unless the blue is masked by some other color 
oxide, such as an oxide of manganese, iron, nickel, or copper. These 
latter oxides darken the cobalt blue and, if added in large quantities, 
approach black. * 

It is common practice in cobalt ground coats to replace part of the 
cobalt oxide by the cheaper nickel and manganese oxides. Several times 
as much of these latter oxides are required, however, to replace a given 
amount of cobalt oxide. The cobalt oxide cannot be entirely replaced 
by these oxides without reducing the adherence of the enamel to- the 
metal, but their use in conjunction with cobalt oxide is considered good 
practice. 

• Theory of Adherence/ Although many theories have been proposed 
to explain why the cobalt oxide makes the ground coat adhere to sheet 
iron and steel, none has been accepted as satisfactory because of their 
being based on too limited data. 

iGriinwald advanced the theory that the coefficient of expansion 
of the enamel was brought close to that of the iron by the addition of 
cobalt and other metallic oxides. ‘This theory has recently been sup- 
ported by the work of A. Dietzel and K. Meures,^ who show that the 
cobalt increases the solution of the iron in the enamel, the iron thereby 
raising the coefficient of thermal expansion. These authors believe that 
through this solution of iron a gradual decrease of the difference of 
thermal expansion exists between the enamel-iron inter-face and the 
surface of the enamel. This gradual decrease is believed necessary to 
prevent rupture during the expansion and contraction of the enameled 
iron. 

Tostman - suggested the cobalt steel alloy theory, namely, that the 
cobalt oxide is reduced to cobalt which alloys with the iron. The enamel 
was believed to adhere tenaciously to this alloy. The loss of blue color 

^ Translatioii ’by- R. M. J". Am. Ceram. Soe., February Meeting (1934). 

*0. Tostman, Function of Ground Enamels, Keram, Bund. 19, 5 (1911). 
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on firing seems to favor this theory. Up to the present time no one 
has been able to prove or disprove it. 

Mayer and Havas, ^ and Vondracek^ advanced the theory that 
cobalt silicate is formed with the evolution of oxygen. This reaction 
^vas believed to clean the iron, making possible the intimate contact 
between the enamel and the iron. 

Berndt ^ claimed that the oxygen liberated by the iron oxide is 
fixed by the cobalt oxide, preventing the excessive bubble formation in 
the enamel, thereby resulting in a stronger stimctiire and better 
adherence. 

Vielhaber ® added to this theory of Berndt, stating that the cobalt 
oxide saturated the enamel to such an extent that the iron oxide did not 
dissolve in it. He believed that the enamel adhered to the iron oxide 
layer. 

Cooke ^ presented a somewhat similar theory, in which he believed 
the inter-facial layer was partially enamel and iron. This layer was 
assumed to be rich in iron on the enamel side and rich in enamel on 
the iron side, thus improving the adherence of the enamol to the steel. 

Clauson ® concluded from a series of experiments that the adher- 
ence of the cobalt ground coat was caused by the ability of the cobalt 
glass to penetrate the pores of the steel and actually etch its way to a 
good contact. 

R. M. King ® disagrees wdth several of the foregoing theories and 
believes that the adherence is related to the formation of metallic 
dendrites, w^hich from X-ray investigations appear to be alpha iron. 
These dendrites form a layer between the enamel and the iron, some- 
times projecting quite far into the enamel layer. In this manner they 
aid the adherence. It was shown that enamels which adhere have this 
dendritic formation and those which do not adhere do not have it. 


Mayer and B. Havas, function of (xround Enamel, Sprechsaal, 43, 737 (1910). 

^ R. Vondracek, Punctiofi of Ground Enamel, Sprechsaal, 44, 15 (1911). 

®M. Berndt, Role of Cobalt in a Ground Coat for Sheet-Steel Enaihels, Keram. Rund., 
22, 262 (1924). 

® L. Vielhaber, Behavior of Metal Oxides in Ground Coats on Sheet Steel, Keram. Rund., 
33, 53 (19 2 5). 

R. D. Cooke, The Effect of Furnace Atmospheres on the Firing of Enamel, J. Am. 
Oeram. Soc., 7, 277 (1924), and Making and Firing of Sheet Steel Ground Coats, J. Am. 
Ceram. Soc., 10, 454 (1927). 

® C. D. Clauson, A Study of Adherence of Ground Coats to Sheet Steel, Cer. Ind. 13, 
164 (1929). 

•Papers on Mechanics of Enamel Adherence: (a) J. 0. Lord and W. C. Rueckel, I, 
Jour. Amer. Ceram. Soc. 14 (10) 777-81 (1931); W. C. Rueckel and R. M. King, II, ibid,, 
pp. 782-88; W. K. Carter and R. M. King, III, ibid., pp. 788-94. (h) A. McK. Greaves- 

■Walker and R. M. King, IV, ibid., 15 (9) 476-80) 1932); G. H. Spencer- Strong and R. M. 
ling, V, ibid., pp. 480-83; K. Schwartzyralder and R. M. King, VI, ibid., pp. 483-86; G. H. 
%attcer-Strong, J. O. Lord, and R. M. King, VII, ibid., pp. 487-90. (c) R. M. King, VIII, 
16 (5) 232-38 (1933). Jour. Amer. Oeram... Soc., 15 (9) 488 (1932). 
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Staley believes that the dendrites observed by King are metallic 
cobalt and has shown that plating of certain metals below iron in the 
electromotive series does exist. Staley’s conclusions are: 

All the metals between iron and copper in the electromotive-force series of 
metals, if dissolved in glasses, are plated out of solution, when the glasses are fired 
as sheet-steel ground coats, by the electrolytic action of the hot iron base. 

Of these plates cobalt, nickel, and antimony promote adhesion, each of the 
following factors probably playing a part : 

(1) The plates of these metals adhere tenaciously to steel, while enamel does 

not. 

(2) The coefficients of thermal expansion of these metals are intermediate 
between those of steel and those of commercial ground-coat and cover-coat glasses, 
thus giving a gradation of coefficients found desirable by Danielson and Sweely. 

(3) The enamel glass is mechanically bonded to the metal plate by dendrites, 
aided by any jagged projections and holes. 

(4) Since these metal plates are insoluble in the molten enamel, any structure 
favorable to adhesion, once formed, remains. 

It is interesting, in this regard, that rust in contact with the metal 
base disappears on firing the enamel, but it does not disappear if the 
rust is suspended in the enamel and is not in contact with the iron. 
This observation might suggest that the iron oxide is reduced by the 
iron to a lower oxide which is soluble in the enamel. The elements 
associated with this phenomenon, iron, cobalt, nickel, and manganese 
are closely associated with each other in Mendeleeff^s Periodic Table 
of the elements. These elements, therefore, have similar physical and 
chemical properties. • 

No theory has been accepted generally as explaining the function 
of cobalt in sheet iron ground coats, but recent progress has been rapid. 
It is quite probable that the true explanation will involve several of 
these theories. Whatever the chemistry of the phenomenon is, the fact 
remains that small amounts of cobalt oxide produce good adherence 
where a lack of it results in poor adherence. 

* Cobalt Ground Coat Compositions. The general composition of 
cobalt sheet iron ground coats is no’f particularly complicated, as 
compared with other enamels. After comparing and studying a great 
many ground coat compositions, the writer plotted a field of composi- 
tions which includes practically all of them. 

Table 21 shows the batch compositions and the chemical composi- 
tions of twenty-four sheet iron ground coats. The five columns, at the 
right in Table 21 show the maximum, minimum, average, median, and 
range for each constituent. Along the bottom of each table the sums 
of the feldspar, borax, and quartz are given for each enamel. 

»H. F. stalegr. X Am. Ceram, Sac,, 17, 163-7 (1934). 
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The sums of the feldspar, borax, and quartz for the different 
enamels have a maximum of about 92 per cent and a minimum of about 
75 per cent with an average of 82 per cent. On observation, it will be 
noted that most of the ground coats have about 82 per cent for the sum 
of these three constituents. Very few fall outside of the range 76 to 83 
per cent; 

On further analysis of this table, it is noted that there are few 
constituents present, other than the feldspar, quartz, and borax. Soda 
ash and soda nitre together average about eleven per cent and seldom 
vary far from this value. The fluorspar varies infrequently from four 
to six per cent. From experience, it seems doubtful if the cobalt oxide 
need ever vary greatly from the average of 0.5 per cent, or the man- 
ganese dioxide far from its average of 1.5 per cent. Taking these 
values, a general batch can be considered to be as follows : 


Feldspar 1 

Borax 1 82 

Quartz J 

Soda ash 7 

Soda nitre 4 

Fluorspar 5 

Cobalt oxide 0.5 

Mangane^ dioxide l.o 


100.0 

Although^ese values can be varied somewhat, and good enamels 
obtained, the above might well be considered a base formula upon 
which all others could be built. 

To simplify this batch further, it is necessary to study the relative 
amounts of feldspar, borax, and quartz which are permissible. This can 
be admirably done by resorting to Table 1, and plotting the results on 
a triaxial diagram. 

The maximum and minimum feldspar are plotted on the diagram, 
Figure 57. The shaded portions show the fields of compositions not 
likely to give good enamels. 

The maximum and minimum borax are plotted on the diagram in 
Figure 58. The shaded portion again shows the fields of compositions 
not likely to give good enamels. 

The maximum and minimum for quartz are plotted on the diagram 
in Figure 59. Again the shaded portion shows the fields of composi- 
tions not likely to give good enamels. 

Figiiire 60 shows a d.iagram of Figures 57, 58, and 59 superimposed 



cc 

:2; 

0 

g 

Cp 

s 

1 

0 
E-i 

1 

P 

123 

D 

O 

•O' 


Ee} 




m 

< 


15 

65D 

^ O cq O Ch « 

Cfj oi ^ M O O 

CQ CO »-( 

q 

05 

00 


O CO O O O O T-4 r-j 

THcOL-eOrH'^ OO 

CO rH 

q 

rH 

C5 

13 

G5B 

o o o o O O to 

ODCQCOOcacO CO OO 

(N CO ca 

q 

d 

00 

12 

1 65A 

CO csj cq iO eq co o 

CO CD 05 03 CO O o 

CO CO rH 

q 

00 

00 

1 

81B 

Tfj US -Til 'CF O O 

CD US Tji t> iH O* 

CO CO tH 

q 

d 

00 

o w 

H to 

O O O O o t> CO US 

C5 03 ai C5 US o' o 

03 CO rH 

q 

d 

00 

9 

180 

US US US O l> o O ■hF 

O 05 03 US ■Hji o' o' rH o 

03 CO 03 

q 

03* 

00 

8 

18B 

o o i-o oq o o us 03 

l> o' o' 05 us' o' o' rH 

03 CO 03 

us 

c- 

7 

18A 

q o q q q q tP q q 

C<i d 05 us Hjl CD o' 03' rH 

03 CO 03 

q 

00 


q q q tF q q q q 

o' us 05 o' us* d us’ 

CO 03 iH 

q 

us 

c- 

iO 

q q q q q q q q 

T-i 00 d d HjJ d d rH 

CO C3 03 

79.7 

4 

10 

q q q q q O'! 0 

d us* Hjl us do 

CO CO 1-1 

86.5 

3 

29B j 

q q q q q q q q q q q q 

OodrHCSCOt- 03 03 0000 

CO 03 rH 

75.2 

2 

29A 

qqqqoq qus 

ddo't^usd drH 

CO CO 03 

0*08 

1 

61 

qqq cs-^t-TP 

COCOrH rH^ COOOO 

03 CO 03 rH w V..- w 

q 

05 

t- 


Feldspar 

Borax 

Quartz 

Soda ash 

Soda nitrate 

Fluorspar 

Cryolite 

Red lead 

Whiting 

Barium carbonate 

Olay 

Cobalt oxide 

Manganese dioxide 
Nickel oxide 

Copper oxide 

ac 

S 

<y 

+ 

X 

03 

o 

+ 

s 

Pi 

m 

TO 

% 


q q q q q q 

od d i> d do 

rH rH us 

' 100.0 
86.5 

q q q q q q 

CO d t> t- us o d 

rH 03 'tjl 

' 100.0 
87.2 

17.4 

13.4 
7.2 

47.2 

3.7 

0.3 

0.6 

(PbO 

10.0) 

100.0 

79.1 

00 CO q 03 q <q 

00* d l> rH d 0*0 

rH rH US 

9*98 

O'OOI 

1 

q q q q t- os os 

o d OO* i> us rH d 

os rH 

100.0 

83.9 

q q q q tH q q 

os' us d 00* d rH d 

03 rH tF 

' 100.0 
85.5 

c q o 00 q q q us 

05 05, us d l> d rH d 

rH rH 

100.0 

84.8 

q q q q q q q 

rH* d d Oo’ d rH 

03 rH tF 

100.0 

84.1 

q q q-q us us os 

d CO* us CO* o' 03 rH 

iH rH US 

100.0 

83.4 

18.1 

11.1 

6.9 

48.1 

9.1 

0.5 

6.1 

100.0 

77.3 

20.7 

13.0 

7.1 

50.1 
7.6 

0.4 

1.2 
1.2 

100.0 

83.9 

20.2 

16.3 

8.3 

47.6 

6.6 

0.2 

0.8 

100.0 

84.1 

q q q q q q q q q q q 

rH rH CO* -hF 00 03* o' d O* d rH* 

03 rH tF 

100.0 

77.2 

q q C5 US o C5 

05* CO* d os' Cr d tH* 

rH tH tF 

100.0 

83.1 

q q qqq q os q 
t-COt^rHUS odd 

rH tH us 

100.0 

89.9 

Potassium and 

Sodium oxide 

Boric oxide 

Ali^mina 

Silica 

Galemra fluoride 
Barium oxide 

Cobalt oxide 

Manganese oxide 

Nickel oxide 

Copper oxide 

Calcium oxide 

Total 

Ikali+Bo'.'ic oxide+Silic. 


Wolfram and Harrison» J. Am. Ceram. Soc. 8, 738 (1925). 7-8. R. R. Danielson, J. Am. Ceram. Soc. 3, 961 (1920). 

E. P. Poste, J. Am. Ceram; Soc. 2, 944 (1919), 10. PI. G. Wolfram, J. Am, Ceram. Soc. 7, 3 (1924). 

R. R, Danielson, J. Am. Ceram. Soc. 6, 634 (1923). 11. R. D. Dnndrum, Ti-ans. Am. Ceram, Soc. 14» 756 (1912). 

J. B. Shaw, Bur. of Std. Tech. Paper, 165. 



TABIjE 21 — (Continued) 


% 

O 

OQ 

0 

1 

§ 


§ 

I 

0 

1 

H 

S 

m 


Range 

eocDooc'i'^*^Ocoe3 0cicO'5Piq<o 
oo’ -cfj tH N 00* C<i N CO ca r-i o 

r-< CM iH tH r-f 

1 17.3 

s 

ID 

CD O O 1-1 t- 00 O O CM C-^ CO o 

05 05 o' CO tH rtt r-i yH O iH (N O O 

(M CO CM 

CO 

00 

w 

Oi ^ q Tf N 00 q q q q q t}| q q q 
d o’ o’ CD O O O O o o' T-J o' o 

CO CO (M 

1 80.0 


CO CD O t- q q q q T-j iH q q N 

o' iH o’ co’ CO* o* o' <o o’ o d iH d 

CO CO CM 

1 81.8 

Min. 

ID N (M q q q q q q q q q q q q 
o’ (M iH d d d o’ d o’ d d o d d o 

(M 03 tH 

q 

ID* 

C- 

Max. 

! 

CO q o q q q q q q q q q q q 
co’ CO* d Tji th* d CO* d ci ci d th* o 

CO rH 03 iH iH 

q 

yH 

CJJ 

24 

15D 

in q q 03 q q q 

ID d 03* kD ID O 1-i 

CO 03 03 

ri2 

23 

150 

38.8 
33.7 

16.9 
2.4 ' 
3.8 
3.1 

0.3 

1.0 

It 

d 

00 

22 

15B 

q H yh q q q q q 

d 00 o* d CO d d 

CO 03 03 yH 

It 

00* 

t- 

21 

15A 

30.0 
22.2 

28.1 
6.4 
3.9 

5.0 

1 

0.4 

4.0 

q 

d 

00 

o <! 

M 00 

•tij q q o q q q 

03 CO CO MH* d 03 

CO 03 03 rH 

q 

d 

t" 

19 
j 60A 

q q q it q q 03 

CD It* Y-I t> d CO 03 

03 CO 03 

q 

03* 

00 

18 

63B 

q q q q q q q rf q 

d d yh* 00 * it co' 03 d d d 

CM CM 03 

It 

d 

o 

17 

63A 

o q q q q q t-; q 

yH CO 00* CD it CD d CO 

CO 03 yH 



-t 

00* 

e- 

CO rH 
■H CD 

q q q Tf q Iff q -sf q 

coddcDitd cquoyH 

0 3 CO 03 

1 9‘fL 


Feldspar 

Borax 

Quartz 

Soda ash 

Soda nitrate 

Fluorspar 

Cryolite 

Red lead 

Whiting 

Barium carbonate 

Clay 

Cobalt oxide 

Manganese dioxide 
Nickel oxide 

Copper oxide 

s 

"S 

eS 

P 

o? 

+ 

X 

ei 

V. 

O 

pq 

+ 

& 

'S 


q q q lo yH q q 00 C 5 b- N 
t> o it (d d cm’ d Y-I d yh* 


q q q q q q if it q q q 
d d d d it yh* r-i CO d d d 

CO rt ID 


It q q q q q q q q q q 
d It d d d d d Y-i d d d 

yH yH It 


00 

t- q q ID th q q Ci 03 
d Yt d d d d d yh d 
yh yh id 


itqciT-iooooOo® 
d d d it d d d d d d o 

rH yH YYiY ^ 


q q q CO rH q q q C3 t- q 

e0005cD0303C3CDTHOrH 

CM 03 lO 


19.4 

13.3 

8.0 

56.6 

0.7 

2.0 

100.0 

87.4 

18.5 

15.2 

8.8 

52.1 

3.8 

0.4 

1.3 

100.0 

87.3 

21.2 

13.3 

6.9 

49.6 

7.5 

0.2 

1.3 

i’i:« 

O’OOT 

16.3 
9.6 
6.5 

56.4 
5.9 

0.5 

4.8 

q CO 

d 03 

0 oc 

t- q CO CD CO ID 

CO d d d d d 

03 rH ID 

9’68 

0 001 

CO CD it yh q 50 

d d d d it yh 

03 rH ID 

100.0 
! 87.3 

q it q q q id t- »d it 

rH CO d CD It d d d rH 

03 rH it 

100.0 

84.9 

q b-; yH yH 03 q q 

C30 03 ’ d cd CO d It 

yH yH it 

100.0 

79.4 

0 iH it yH q q q q 
cd It d id CD* 03 ’ co’ tH 

r-H rH it 

100.0 

76.2 

Potassium and 

Sodium oxide 

Boric oxide 

Alumina 

Silica 

Calcium fluor’ide 
Calcium oxide 

Cobalt oxide 

Manganese oxide 

Nickel oxide 

Copper oxide 

Fluorine 

Total 

ilkali-fBoric oxide+Silic. 


16. J. Bardush, Cer. Ind. 6, 482 fl926), 19. Danielson and Menzel, Int. Crit. Tab., II, 114. 

17-18. F, M. Burt, Cer. Ind. 8, 216 (1927). 20. B. A. Sweeloy, J. Am. Ceram. Soc. 5, 265 (1922). 



172 


ENAMELS 


on each other. In this diagram, the shaded portion covers most of the 
area. The white area contains the only compositions showing promise 
of giving good enamels. 

Since the area of good compositions is vei*y small, the possible limits 
of compositions of good ground coats must be comparatively narrow. 


82% Borax 



82% Quartz 82% Feldspar 

Figure 57. Maximum and Minimum Feldspar. 


It is highly probable that the great majority of the ground coats whose 
compositions are secretly guarded could be well fitted into this 
diagram. 

82% Borax 



82% Quartz 82% Feldspar 

Figure 58. Maximum and Minimum Borax. 

The author has studied this field of composition very carefully and 
has varied the total feldspar, borax, and quartz from 78 to 86 per cent 
The enanaels high in these constituents are more refractory, while those 
low are very fnmhle. It is doubtful if good commercial ground coats 
eouH be pnde outside of these limits^ hut it is possible, where two^rit 
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enamels are being made, to combine certain compositions which are 
outside, but close to the area. The resulting composition should, how- 
ever, fall within the area. Where two-frit ground coats are made, one 
is usually much more fusible than the other. By blending these two 
frits, the hardness of the resulting ground coat can be controlled. Two- 
frit ground coats are convenient where the same frits are desired for 
many different conditions. They usually have a somewhat longer 
firing range than one-frit ground coats, which tends to eliminate 
defects. 

The enamels high in feldspar are refractory and have a viscous 
character, as indicated by a wavy surface after firing. They have 


82 % Borax 



82 % Quartz 82 % feldspar 

Fiouee o 9. Maximum and Minimum Quartz. 

good mechanical strength, a good gloss, a good resistance to solution, 
and their working properties are fairly good. 

The enamels with a high quartz content are difficult to smelt and 
fire because of their refractoriness. They do not fire down to a clear 
glass, since they contain an excessive amount of bubbles. They have a 
long firing range, good mechanical strength, a slightly inferior adher- 
ence, and a tendency to form large fishscale. 

The batch compositions of the enamels are indicated by the points 
in the diagram, Figure 60. Composition number four is a very good 
ground coat with good working properties. It is in the center of the 
field surrounded by compositions number one, two, three, five, six, and 
seven, which are also good ground coats. It is evident, therefore, from 
the chart that composition number four could vary more than five per 
cent in feldspar, borax, or quartz and still be a good enamel. 

If this much variation were encountered, however, it would 
^ously affect the necessary firing conditions of the enamel. Condi- 
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tions suitable for enamel number six, for instance, would be much too 
severe for enamel number two. Compositions higher in borax can be 
used, but they have a short firing range and they tend to fishscale if 
overfired. Compositions higher in quartz and feldspar are quite 
refractory, but they can be used, if carefully handled. 

The total sodium oxide added by the soda ash and soda nitre must 
not be excessive since this leads to a pimply surface, poor mechanical 
strength and too high a coefficient of expansion. Too low an amount 
tends toward refractoriness §,nd the formation of fishscale. The soda 
nitre is the first constituent in the raw batch to melt during the 
smelting ; therefore it serves to start the chemical action in that opera- 


82% Borax 



tion. It is an oxidizing agent, but being more expensive than soda ash, 
it is not usually added in excess of four per cent, which is sufficient in 
almost any ground coat enamel. 

The fluorspar in a cobalt ground coat makes the enamel more 
mobile and easy to work. If it is added in excess, the fluorine tends to 
form a pimply surface, and the enamel is very soluble in acid solutions. 
If too little or no fluorspar is used, the enamel is difficult to work and 
has a tendency to copper-head. Cryolite can be substituted for fluor- 
spar, but it is more expensive and is not often used. 

An excess of cobalt oxide or manganese dioxide is rare as these 
constitaentB are used sparingly because of their cost. Cobalt oxide in 
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quantities up to five per cent does not appreciably affect the enamel 
except in intensifying the bine color. In some enamels the cobalt oxide 
can be reduced to 0.2 per cent and the enamel will still retain it-s 
adherence to the iron. If too little is added, the adherence becomes 
weak and chipping is common. It is generally considered that the 
adherence of the enamel is aided by manganese dioxide in the presence 
of cobalt oxide, but alone it is a very poor substitute. It acts as a flux 
in the enamel, but, if added in large amounts it tends to form a dull 
scum-like or mat surface. Sometimes nickel oxide, copper oxide, and 
iron oxide are also added in small amounts (0.1 to 1.5 per cent), but 
with the exception of nickel oxide they have little, if any, effect on the 
adherence. They all act as fluxes and affect the color of the ground 
coat, either by darkening the blue or forming a brown or black color. 

Such materials as titanium oxide and zirconium oxide have been 
added to cobalt ground coats, but the advantage of these materials is 
questionable. Titanium oxide, as rutile, can be safely added in amounts 
up to seven or eight per cent, but in excess it forms crystals of sodium 
titanate and calcium titanate, which give the enamel a matt surface 
tending towards a gray color. In smaller amounts, the enamel becomes 
brown. If the titanium oxide replaces silica, it lowers the fusion 
temperature, but it also shortens the firing range and has a tendency 
to burn off at the edges and to fishscale. 

The use of zirconium oxide has been reported to increase the 
mechanical resistance of the enamel. It makes the enamel more refrac- 
tory, even when replacing silica, and is almost never used in com- 
mercial ground coats. 

In rare cases such materials as sodium silicate, sodium silicofluoride, 
sodium fluoride, aluminum fluoride, and zirconium silicate have been 
tried as cobalt ground coat constituents, but their advantages are not 
pronounced enough to be definite. 

The mill additions, for cobalt ground coats, consist essentially of 
from four to eight per cent clay and one hundred per cent of frit with 
the necessary amount of water. Sometimes small amounts of quartz, 
feldspar, or magnesia are added, a practice which has become more 
common in America during the past few years. Electrolytes such as 
borax, soda ash, magnesium carbonate, and other salts are usually 
added to set up the slip. A complete discussion of mill additions is 
given in Chapter 9. 

.WHITE GROUND COATS FOR SHEET IRON c 

White ground coats, if satisfactory, afford a considerable saving in 
some types of ware as they eliminate one firing operation. The cobalt 
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blue ground coats must be covered by two coats of white cover enamel 
to develop a good finish, while one cover coat over a white ground coat 
gives first quality ware.- In enameling colored ware such as signs or 
ware with black edging, the importance of the white ground is not 
very great, but where pure white enamels are being made it offers 
considerable possibility for savings. The use of the white ground 
coat, however, has not been very popular, for it is not ordinarily 
considered to be as dependable as the cobalt ground coat. The single 
cover, over a white ground, is not usually of quite as good quality as the 
two cover coats over the blue ground. If there is any reboiling, copper 
heading, or blistering in the white ground coat, it is likely to show 
through the single cover coat, thus preventing the ware from passing as 
first grade. With two cover enamels over a cobalt blue enamel, the 
chances of covering defects caused by the ground coat are improved. 
If two covers are put on the defective white ground coated ware only, 
there is a distinct difference in the appearance, which is objectionable, 
since the production ware should all look alike. The use of two cover 
coats over a white ground coat produces nice ware, but this practice is 
not common because of the added cost. 

In general, it is considered that white ground coats offer more 
difficulty than the blue ground coats, although, as more information is 
obtained and the technique of using white ground coats is improved, • 
they may become more popular with the enameler. At the present 
time, experience has shown that the cleaning and pickling of the iron, 
the iron itself, and the application must be better for a white ground 
coat than for a blue ground coat. 

’ In preparing the iron surface for white ground coats, it has been 
shown that the adherence is greatly improved by giving the iron a 
.nickel flash! It is not uncommon to use this flash of nickel even when 
cobalt ground coats are used as it is believed to reduce fishscale and 
copper-heading. The nickel flash consists of a simple operation follow- 
ing the pickling of the iron, the rinsed sheets being immersed in a 
solution containing nickel sulphate or double salts (nickel ammonium 
sulphate). *They are left in this solution about five minutes and are 
then withdrawn and rinsed.. The nickel flash (nickel dip) is fuUy 
described in Chapter 5. 

* The compositions of the white ground coats used with the nickel 
salts do not differ rajdieaily from the typical cobalt ground coats, except' 
do not contain color oxides and they do contain opacifiers.* 
The nietol flash furnishes the necessary bond between the enamel and 
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the iron, it being at least partially dissolved by the enamel, as indicated 
by the penetration of the color into the iron side of the enamel coating. 
The use of tin oxide and titanium oxide must be avoided in any white 
ground coat, but the use of zirconium oxide and antimony oxide as 
opacifiers serves very well. 


TABLE 22 

White Ground Coats foe Sheet Iron 
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Mill Additions 
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10 



100.0 

100.0 

100.0 


100.0 

100.0 

100.0 

100.0 

100.0 
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Magnesium oxide 



0.5 








Ammonium carbonate 


0,2 

0.2 








Calcined clay 




10.0 







Magnesium carbonate 






0.5 

0.5 

0.5 

0.5 

0.6 

Quartz 






4.5 





Cadmium sulphide 






1.7 






^ White ground coats used without the nickel flash are not generally 
as successful as those using it. # They must not contain any easily 
reducible oxides, but they usually contain antimony compounds or 
arsenic oxide, which seem to contribute considerably to the adherence. 
The latter oxide is too dangerous to use, because of its poisonous 
mature, but the former is quite satisfactory. The enamel frit batch and 
fee loull additions may contain zirconium oxide, which is the most 
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suitable opacifier for white ground coats. It is not reduced by contact 
•with the iron ; therefore it retains its white appearance in such enamels. 

Typical compositions for white ground coats of both types are 
shown in Table 22. The enamels using the nickel flash have been used 
in plant production, but those not using the nickel flash have only 
been successfully used in laboratory work. These enamels require 
great care if they are to be satisfactorily employed. Enamels number 
one and four may be used without the nickel flash, but are better when 
used with it. Enamels number two, three, five, and six require a nickel 
flash. It is quite probable that an improvement in the electro- 
deposition of nickel or some other metals, such as chromium and cobalt, 
may greatly improve the white ground coat situation. 

LIGHT COLORED GROUND COATS 

Since white ground coats, because of many defects, have not been 
popular in the industry, attempts have been made to make them in 
light colors by introducing only very small amounts (.05 to .2 per cent) 
of cobalt oxide in the •white ground coat. Such a procedure improves 
the adherence, and such enamels are easier to cover than the blue 
ground coats'.^ It is quite probable that enamels of this type may come 
into more common use. Another feature in the employment of white 
ground coats is the use of colors such as the pastel tints; pink, light 
blue, and yellow, which are obtained by adding color oxides or stains 
to the mill additions of white and light colored ground coats. 

WHITE COVER ENAMELS FOR SHEET IRON 

White sheet iron cover enamels must be pleasing to the eye with a 
soft •v’'hite glossy finish and good covering power.^ Such enamels should 
fuse at a temperature not greater than that of the ground coat^ They 
should be resistant to solution in materials with vrhich they come in 
contact and should not be easily stained or discolored.\ Many cover 
enamels are exposed to acid fruit and vegetable juices, alkaline 
cleaners, weather conditions, and even chemical corrosion. If these 
enamels are used for food containers, their solution should be very 
slight at most, and if they contain lead and antimony compounds it is 
even more necessary that they should be insoluble . n The resistance of 
cover enamels to abrasion is great, but the mechanical shock which 
they will withstand is limited. They are not particularly sensitive to 
^dden temperature changes, but severe heating and cooling will 
develop cracks in most cover enamels. # 

Wtetf? coyer enamels for sheet irop^carry opacifiers in both the frit 
and in: the n® The common frit opacifiers are the fluorides 
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and the antimony compounds. The opacifiers added at the mill are 
generally tin oxide and zirconium oxide. The mill additions for cover 
enamels generally include five to seven per cent of a light burning clay, 
but in some cases a gum is used. Electrolytes may or may not be used, 
depending on the conditions as outlined in Chapter 5. 

The batch composition of the frit seldom contains any form of lead, 
although acid-resisting enamels may contain as high as ten per cent of 
lead oxide, which is, of course, not dangerous, if the enamel is insoluble. 

Taking 24 white sheet iron cover enamel compositions, as shown in 
Table 23, and averaging the different constituents, it can be seen that 
the* predominating constituents are : feldspar, borax, quartz, soda ash, 
soda nitre, fluorspar, and cryolite.v If the amounts of feldspar plus 
borax plus quartz are taken, as shown at the bottom of each column, it 
will be noted that they vary from 64 to 81 per cent. They average 72.5 
per cent and in few cases vary from the limits of 69 to 75 per cent. By 
plotting the maximum and minimum for feldspar, borax, and quartz 
on a triaxial diagram as shown in Figure 61, it is evident that a definite 
area is outlined. The compositions within this area give the best results 
for sheet iron cover enamels. The points on the diagram in Figure 62 
indicate compositions made in cheeking this reasoning. As in the 
diagram for cobalt ground coat compositions, the characteristics of the 
enamels vary with their position on the diagram. With a high borax 
content the enamels become more fusible, their gloss is good, they are 
rather soluble, and they are easily overfired. High feldspar content 
gives a viscous enamel with a tendency toward a wavy surface and 
refractoriness. The enamels high in quartz are very refractory and 
difficult to fire to a good gloss. They are very resistant to solution by 
acids, but the quality of the appearance is not as high as those near the 
center of the area. 

Referring again to the table of 24 sheet iron cover enamels and the 
summary at the right of the table, it can be noted that the constituents 
other than feldspar, borax and quartz are chiefly limited to soda ash, 
sodium nitrate, fluorspar, and cryolite with small amounts of antimony 
compounds, zinc oxide, whiting, barium carbonate, magnesium car- 
bonate, and clay. 

The soda ash and soda nitre together generally amount to about 
ten per cent of the composition of the enamel. They contribute sodium 
oxide to the enamel, which increases its fusibility, and its thermal 
coefficient of expansion. If added in excess, the enamel crazes and has 
a tendency to form an eggshell surface. The soda nitre functions in 
the enamel as an oxidizing agent and flux, as it has the lowest melting 
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temperature of any constituent in the batch. As an oxidizing agent, it 
is very important if antimony compounds are present, since the opacity 
from antimony compounds depends upon the formation of the higher 
oxide SbsOg in the enamel. Four per cent of sodium nitrate is usually 
all that is necessary and it is included in practically all cover enamels. 
The soda ash also acts as a flux, but in addition it decomposes during 
the smelting operation, giving ofl over forty per cent of its weight as 
carbon dioxide gas, which not only makes the mass more fusible in the 


72% Borax 



Figure 61. Limits for Sheet Iron Cover Enamel Compositions. 

early part of melting, but also agitates the batch as it escapes. The 
amount of soda ash used is influenced by the other materials con- 
tributing sodium oxide to the enamel, but it ordinarily varies from four 
to eight per cent of the batch. 

Cryolite and fluorspar in sheet iron cover enamels serve as fluxes 
and as auxiliary opacifiers. Fluorspar seldom exceeds five per cent of. 
the batch because it does not contribute a pure white, if added in 
excess, and it has a tendency to give a slightly pimply appearance. It 
is, moreover, an active flux and it aids opacity considerably. Cryolite 
is also a good flux and is generally used in cover enamels, sometimes 
replacing the fluorspar entirely. It is usually added in amounts of 
from five to twelve per cent, depending upon the presence of other 
fluxes and antimony compounds. If antimony is present, the opacity 
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contributed by the cryolite becomes much less important. A field 6f 
investigation into the effect of cryolite, fluorspar, and antimony oxide 
is shown in Figure 63. Here it is evident that a combination of 
materials rather than the use of one or two alone is desirable to develop 
good opacity and good quality. 

Small amounts of zinc oxide, whiting, magnesium carbonate, and 
barium carbonate are sometimes used in sheet iron cover enamels. 
They are particularly useful in enamels low in fluorides, such as acid- 


76 % Borax 



Figure 62. Sheet Iron Cover Enamels. 

resisting cover enamels. If added in excess, they make the enamel dull 
in appearance and take the role of a refractory rather than a flux. In 
some enamels zinc oxide seems to aid the opacity somewhat; whiting 
improves the color, when the discoloration is caused by iron compounds, 
and barium gives greater mechanical strength and added brilliance. 
Neither magnesium carbonate nor clay are added to the frit batch in 
appreciable amounts, since they are not readily absorbed in smelting. 

ACID-RESISTING SHEET IRON ENAMELS 

• The acid resistance of enamels varies from those stained by fruit 
juices and water to those which withstand strong acids at elevated 
temperatures. The acid-resisting enamels are, in general, more difficult 
to work than the soft enamels. They are less fusible, less fluid, and do 
not smooth down as easily, which results in more difficulty in making 
first grade ware. To obtain good acid resistance, some of the ease of 
making an enamel must be sacrificed.- 
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The composition of an acid-resisting enamel differs from an 
ordinary enamel in that the silica content is greater, the fluorine com- 
pounds (fluorspar, cryolite, and sodium silieofluoride ) are present in 
smaller amounts, the boric oxide content is reduced, and the remaining 
constituents are balanced to give the desired fusibility, coefficient of 
expansion, and the general working properties of the enamel * Too high 
a boric oxide content will result in an enamel which tears easily, 
necessitating much greater care in application. It is often desirable 
to introduce six or eight per cent of lead oxide to avoid this tendency 
to tear and also to improve the fusibility of the enamel. The fluorides, 


17% Antimony Oxide 



Figure 63. Variations of Antimony Oxide, Cryolite, and Fluorspar in Sheet 
Iron Cover Enamels. Above line A-A, enamels are a refractory g-lass, and of lovsr 
opacity; above line B-B, enamels have fair acid resistance; below line C-C, enamels 
are slightly dull and weak in opacity; between lines A-A and C-C is area of best 
enamels. 

being violent fluxes, aid the fusibility greatly and two or three per cent 
is generally necessary, not only for this reason, but also to improve the 
opacity of the enamel. It is not difficult to make an acid-resisting glass 
of good working properties, but it is very difficult to get good opacity 
in many of these glasses. The opacifiers do not reduce the acid 
resistance of enamels, but often improve it. They make the enamel more 
refractory and give good opacity only with certain glasses. The 
alkalies (NasO + K2O) seldom exceed eighteen per cent of the melted 
weight as higher percentages tend to cause pinholing and a dnll 
surface. Titanium oxide is used up to eight per cent in many acid- 
resisting enamels as it contributes about the same acid resistance as 
silica, hut it gives a more mobile enamel. Titanium oxide has the 
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disadvantage, however, of contributing a yellow or cream color to the 
enamel. This can be eliminated or reduced by adding one or two per 
cent of sodium silicofluoride to the ra^v batch before smelting. The 
exact nature of the reaction is not understood, but it gives satisfactory 
results in many eases. It has been found that a substitution of sodium 
silicate for an equivalent amount of soda ash and quartz in the batch of 
some enamels greatly improves their acid resistance. This is probably 
true because enamels made from sodium silicate are more uniform after 
smelting than those in which the equivalent amount of soda ash and 
quartz are used# (in smelting enamels, the fluxes (soda nitre, borax, and 
soda ash) melt first and then progressively take the other constituents 
into solution in them. If this dissolving action is incomplete, the 
enamel is not uniform throughout and the properties of the enamel are 
not the same as they would have been had the solution been complete. 

In using sodium silicate, part of the silica is already dissolved in the 
fusible sodium silicate glass, therefore less remains for solution during 
the smelting. An acid-resisting enamel requires a balance of the con- 
stituents present (basic, neutral, and acid) and, therefore, incomplete 
smelting is detrimental since it upsets this balance. If an enamel is 
properly smelted, the acid resistance is not affected by this operatioiQ * 

The fineness of grinding, the methods of application, and the drying 
are unimportant from the standpoint of the acid resistance of the 
enamel. 

jfc The firing time and temperature often influence the acid resistance 
of an enamel to a great extent. ' The variation in the temperature in 
different parts of the furnace may be sufficient to decide whether an 
enamel is acid resisting or not. The higher the temperature and the 
longer the firing time, the greater the acid resistance in most cases. In 
some enamels, the acid resistance is not affected by the firing time and 
temperature, the property being unchanged regardless of these condi- 
tions. The acid resistance of dry process cast iron enamels is not 
influenced to any great extent by the firing time and temperature, 
but the acid resistance of sheet iron enamels may or may not be 
affected. 

Greater care is necessary in producing acid-resisting enamels, but 
where this property is desirable, it can be attained. 

Referring to the feldspar-borax-quartz diagram for sheet iron 
cover enamels, those higher in quartz in the good area are the most 
promising for acid resistance. Other changes in the composition are, 
however, necessary. The cryolite and fluorspar are very detrimental 
to acid resistanee and, therefore, must be reduced to a minimum which 
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is usually not over three per cent. This reduction from seventeen to 
three per cent means that other constituents must be added to make up 
the difference. If lead is not objectionable, it may be added up to nine 
per cent. Barium carbonate, zinc oxide, and sodium antimonate will 
readily account for the remaining five per cent. If an acid-resisting 
enamel is being made, it is preferable to add the antimony as the 
sodium antimonate ; as in this manner the maximum opacity is obtained 
with the least increase in refractoriness. In acid-resisting cover 
enamels the deficiency of cryolite is sometimes made up by increasing 
the feldspar, borax, and quartz as a group, to a total of 83 per cent or 
even more. This gives an enamel relatively high in boric oxide. If the 
boric oxide is increased too much, however, it causes the enamel to tear 
during the early stages of firing. 

Since clay, added as a mill addition, decreases the acid resistance 
and acts as a refractory, it is kept at a minimum, which is usually less 
than five per cent. The other mill additions are similar to those of other 
sheet iron cover enamels, using such opacifiers as zirconium and tin 
oxides. 

COLORED ENAMELS FOR SHEET IRON 
V Colored sheet iron cover enamels are, in general, based on a glassy 
frit. This frit may be a clear glass or may contain some opacity to give 
it body. The colors are added at the mill, although for blues and blacks 
the color material may be in the frit. It is obvious that frits of 
many colors would be impractical because of contamination in 
smelting, unless a different smelter were used for each color, a condi- 
tion which would not be economical. The color materials added to the 
mill batch are, in general, purchased from the chemical supply houses 
and are not made in the enameling plants. These color materials are 
usually, color oxides mixed with clay, quartz, and fluxes, and then 
calcined and ground. A pure color oxide is not readily diffused 
through an enamel when added at the mill, therefore the prepared 
color oxides or colored stains are more commonly used. 

In the discussion of mill additions and colors more detail is given 
concerning the making of colored enamels. 

The glaze composition used as the basis for colored enamels is not 
•unhke the sheet iron ground coat composition with the cobalt and 
manganese left out. It does, however, contain four or five per cent of 
cryolite and slightly less fluorspar and soda ash. Several typical com- 
positions are shown in Table 24, The feldspar, borax, and quartz 
constitute about four-fifths of the composition, the rest being five to 
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ten per cent of soda ash, three to eight per cent of soda nitre, three to 
seven per cent of fluorspar, and five to six per cent of cryolite.* 

The mill addition consists of five to seven per cent of clay with the 
pre-determined amounts of color oxides and opaeifiers. 

Blue sign enamels are also similar in composition to the ground 
coats, but they contain about five per cent of cobalt oxide, or cobalt 
oxide together with a much smaller amount of iron, manganese, or 

TABLE 24 


Special Sheet Ieoh Covee Enamel Compositions 


Material 

Sign 

Blue 

Bark 

Blue 

Color 

Glaze 

Cqlored 

Glass 

Black 

Black 

Edging 

Enamd'^^ 

Feldspar 

26.0 

15.0 

24.0 

14.0 

11.5 

30.0 

18.9 

Borax 

28.0 

26.0 

29.0 

29.0 

24.0 

28.0 

36.3 

(Quartz 

22.0 

26.0 

30.0 

28.0 

16.8 

20.0 

15.7 

Soda ash 

7.0 

7.0 

10.0 

10.0 

13.2 

3.0 

8.7 

Soda nitre 

4.0 

3.0 

3.0 

5.0 

5.0 

3.0 

4.4 

Fluorspar 

5,0 

4.0 


7.0 

2.9 

5.0 

7.0 


4.0 


4.0 

7.0 



2.2 



4.5 



11.3 


4.4 

Whitin D* 





5.2 


1.5 









'Zin/i AYirlp 


6.0 



3.0 


.9 

Barium carbonate 




1.9 



Manganese dioxide 

3.0 





4.0 




4.0 

7.0 



3.0 

2.0 



1.5 




2.2 



"Rn+'ilo 








Copper ovicle 






2.0 










Iron oxide (black) 






1.0 


Chromic oxide 






2.0 



nickel oxides to darken the blue color. A small amount of rutile in the 
enamel helps to darken the cobalt blue color and reduces the amount of 
cobalt necessary. The fluorine compounds are, in general, kept low 
since blue sign enamel must resist weather to avoid deterioration of the 
surface called “fading.” The fading of a blue sign enamel is not 
actually a fading at all; it is the result of an etching of the surface of 
the enamel, giving the appearance of ground glass. On removal of this 
rough surface by either grinding or re-firing, the original cobalt blue 

* The presence of lead oxide must be considered, however, for it often has a decided effect 
on the color produced hy any given color oxide or stain. In any case the mill addition or 
combination in the composition requires a cut-and-try method to get the particular color 
desired. There are no rules for the additions necessary to obtain a given color in different 
enamel compositions. 

“T, Davies. Cer. Ind., 17. 186 (1931). 
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<jolor is brought back. The mill addition consists principally of about 
five per cent of clay or a gum, the latter being commonly preferred 
since the clay decreases the resistance to weather. The control of the 
amount of gum is important because of the brushing operation. Too 
much gum makes the enamel dry so hard that it is difficult to brush it 
through the stencils, while too low a gum content results in damage to 
the coating which is then not sufficiently firm. Table 24 shows the 
compositions of sever^ good sign enamels. 

Beading Enamels. Black edging enamel is usually made by milling 
a black frit very fine, with a mill addition of black oxide. A good black 
is difficult to obtain as there is usually a tendency toward either a 
brown black or a blue black. The proper proportioning of the color 
oxides can only be found for a given enamel by experimentation.* The 
black edging 'enamel is usually milled finer than the ground coat and, 
if applied over the unfired ground coat, it is applied' as a fairly dry 
spray. This can be accomplished by using a heavy, finely ground slip, 
by using high air pressure on the atomizing jet of the gun, or by 
holding the spray gun at some distance from the ware. The first 
method is recommended. Although it has become a common practice to 
fire the ground coat and black edging together, the safest method of 
obtaining all first grade ware is that of making this a tw^o-fire operation. 

GRAY MOTTLED ENAMELS 

^The gray mottled enamel is of the one-coat type, introducing all the 
problems incidental to a one-coat enamel. The w^are must be com- 
■pletely covered, in one operation, without bare spots or blemishes. This 
one coat must show two colors uniformly distributed, it must have 
good gloss and lustre, and it must be highly resistant to solution. ^ 

^In making a mottled enamel, the conditions must be more closely 
controlled than with the three-coat type. The ordinary good enameling 
iron is generally used, but the mottling is aided by impurities 
distributed uniformly in the surface of the sheet.' The set of the 
enamel, its pH value, the clay, and the salt content must be controlled. 
Such salts as magnesium, cobalt, and iron sulphates, called mottling 
salts, are used. « The preparation of the steel, the application, and the 
temperature and humidity of drying must be under careful control. ^ ^ 

The compositions of gray mottled enamels have undergone consid- 
erable change. The early types were similar to 1, the intermediate types 
to 2, and the more modern types to 3, 4, 5, 6, and 7, of Table 25. 
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Color oxides, such as iron, cobalt, manganese, and nickel oxides, are 
sometimes used to control the shade of the gray'. These colors are mixed 
in the raw batch before smelting, while the sulphates which promote 
the mottling are added at the mill. The mill additions usually consist 
of about six per cent clay, an electrolyte such as magnesium sulphate, 


TABLE 25 

Gra-y Mottled En'a.mel Compositions 



1 

2 

3 

4 

5 

6 

7 

Feldspar 

30.0 

40.0 

48.0 

33.5 

48.0 

38.0 

16.5 

Borax 

28.5 

30.5 

40.0 

24.5 

29.0 

28.0 

12.5 

Quartz 

19.0 

10.0 


15.0 


12.0 

6,0 

Soda ash 

8.0 

6.5 

3.0 

12.5 

3.0 

4.5 

4.0 

Soda nitre 

4.0 

5.5 

4.0 

3.8 

3.0 

4.5 

1.6 

Fluorspar 

3.0 

1.5 


6.7 

4.0 

5.0 

1.5 

Bone ash 

5.0 

4.5 

3.5 

3.8 

3.0 


0.9 

Cryolite 




3.2 

3.5 

4.0 


Antimony oxide 

2.5 

1.0 

1.5 

1.5 

2.0 

2.0 

1.0 

Black antimony 







0.7 

Sodium sulphate 







'0.6 

Cobalt oxide 







0.1 

Manganese dioxide 







0.3 


1-2-3. R. R. Danielson, Jour. Am. Ceram. Soc., 3, 961 (1920). 
4-5-6. H. C. Arnold, Jour. Am. Ceram. Soc., 5, 858 (1922). 

7. F. M. Burt, Cer. Ind., 8, 216 (1927). 


frit, and water. The slip is milled to pass a number eighty sieve and 
is usually allowed to age three or four days. For further information 
dn the control of the slip, see Chapter 10. 

WET PROCESS CAST IRON ENAMELS 

Although wet process cast iron enamels are much more troublesome 
to the enameler than any other type, there is less published informa- 
tion about them than of the others. The difficulties encountered^witli 
them may be caused by the fact that our knowledge is so limited.^Wet 
process cast iron enamels are used extensively on stove parts and other 
light weight cast iron wares. The fusion temperature is generally 
quite low (1200 to 1400° F) since the light castings will warp and sag 
if heated at higher temperatures. The time of heating depends upon 
the weight of the casting and the equipment used, normally requiring 
about fifteen.ipinutes. These enamels are made in white, black, and all 
colors, but they are never of as good quality as the other types of 
enamels. They do not usually show quite as good a gloss and they will 
not withstand quite as severe mechanical abuse. They are more 
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soluble, and since most compositions contain lead, they are not suitable 
for cooking ware.^ The introduction of leadless wet process cast iron 
enamels has only been considered successful within the past few years. 
The old lead-bearing type, however, holds favor in many plants and is 
as yet the more commonly used wet process cast iron enamel. 

These enamels may or may not be used with a ground coat. How- 
ever, the ground coat need not contain cobalt or other color oxides, as 
does the sheet iron ground coat. The ground coat is often merely a 
cover enamel with weak opacity.^ The use of ^ zirconium oxide as an 
opacifier has greatly aided the opacifying of this first coat on cast iron. 
Easily reducible oxides must be eliminated from the ground coat to 
avoid the formation of blisters while firing the finish coat over the 
ground. 

The compositions of wet process cast iron enamels do not lend them- 
selves to graphic representation as do those for sheet iron enamels. The 
compositions are more complicated and sensitive to variation. Table 26 
shows the 'frit batch compositions and the melted w^eight compositions 
of a series of representative wet process east iron enamels. These may 
be divided intoHhree groups ; the'leadless enamels ^numbers nine, ten, 
eleven, and twelve; thd*^ low-lead enamels^numbers one, t^vo, three, 
four,, five, six, and seven; and the^ high-lead enamels ^number eight. 
i^The leadless enamels are new and less thoroughly developed than those 
containing lead. ^ On observation, it will be noted that the leadless 
enamels approach the compositions of sheet iron cover enamels, from 
which they were probably derived^ The fusibility, however, has been 
improved by small additions of fluxes such as barium carbonate, and 
zinc oxide.* In number eleven the silica shows a decided reduction and 
in all of these enamels the borax is raised to the maximum w^hich the 
enamel will carry. An excess of boric oxide induces crawling or tearing 
of the enamels, a defect characteristic of some leadless wet process cast 
iron compositions. Number twelve is a zirconium enamel of a distinctly 
different type from any of the others. There is still considerable 
opportunity for study in the leadless type of enamel, and much 
improvement will probably come with more thorough investigation. 

^ The high-lead wet process cast iron enamels may contain up to 
45 per cent of lead oxide, but the tendency is toward a reduction rather 
than an increase in the lead content. These enamels are easily worked 
and have brilliant surfaces. 

t The ordinary low-lead enamel of this type is usually opacified in 
the frit by antimony compounds. If the lead is high, there is a 
tendency toward a cream or a yellow color, the latter being particularly 
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objectionable. It is often masked by the use of a complementary color, 
such as the blue from ^cobalt oxide, but this is, of course, difficult to 
control. "Uniformity of the white color in these enamels is very 
important, since parts made at widely different times may be assembled 
on the same stove and they must match. 

On observing the compositions of the low lead wet process cast iron 
enamels, it will be noticed that the feldspar, borax, and quartz together 
make up only about half of the composition. Soda ash is low. Soda 
nitre greatly aids the opacity from antimony compounds since it pro- 
motes the formation of the pentoxide by oxidation. The lead oxide 
varies from nine to seventeen per cent with about fourteen per cent as 
average. Most of these enamels contain barium carbonate which, to a 
certain extent, acts as a substitute for lead oxide. Zinc oxide, whiting, 
and boric oxide are also added as fluxes. 

The mill additions of these enamels are similar to those for sheet 
iron enamels. A fat clay is generally used and from five to seven per 
cent of the weight of the frit is added. Pour to eight per cent of either 
tin oxide, zirconium oxide, or both, are added to give opacity. Electro- 
lytes are used only for suspension and to control the slip for spraying, 
wftt process, cast iron enamels are- .spray£d. * 

The colored enamels are generally made by omitting the opacifier 
from the mill addition and adding the appropriate amount of the color 
oxide or stain desired. With lead-bearing enamels, the choice of stains 
and color oxides is more restricted than with leadless enamels, because 
the lead often affects the color to a marked degree. (See discussion of 
mill additions, page 247.) Such colors as black or dark blue are often 
made from colored frits. Black is a difficult color to obtain by mill 
additions alone and is, in general, much more satisfactory if made by 
including black oxide in the mill addition of a black frit. Since these 
dark colored frits can be made in the ground coat smelter, additional 
equipment is not required. 

' DRY PROCESS CAST IRON ENAMELS 

The enamels used in the dry process or powder method of enameling 
cast iron are more complicated in composition^than those used for sheet 
iron. They contain more constituents in the form of fluxes and, since 
the opacity must be developed almost entirely in the frit, a much better 
balanced composition is necessary. 

'Dry process cast iron enamels are used chiefly on heavy castings 
such as sanitary ware, pedestals, scales, and barber chairs. They are 
usually more brilliant than either the sheet iron or wet process cast iron 
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enamels, but the process is generally more expensive.*^* It is, however, 
sometimes used on small castings, the hot casting being pushed into 
the enamel powder and withdrawn with its coating of enamel which 
melts down to a smooth layer because of the residual heat in the iron. 
The method of dusting the enamel onto the hot casting through sieves 
is much more common as several coatings are usually necessary to 
produce the best results. 

'"ground coats 

Ground coats, often called slush coats or grip coats, are used for 
all dry process cast iron enameling. These coats serve the purpose of 
protecting the iron from oxidation and scaling during the heating-up 
process. They dissolve any iron oxide or impurities on the surface of 
the casting and also act as an insulating layer to prevent the reduction 
of any of the constituents of the cover enamel by the iron. They are 
applied as a thin slip to the clean casting, are allowed to dry and are 
heated with the casting in preparation for the dusting-on process. 

These ground coats must have a long firing range, and must not 
volatilize or burn off, even when exposed to the enameling temperature 
for a considerable period of time.-* 

The old type of ground coat for cast iron was merely a sinter, 
which did not fire down to a good gloss. Examples of these ground 
coats are shown in Table 27 as one and two, the former being the old 
German type and the latter the old American type of composition. 
These compositions, being composed chiefly of quartz and borax, are 
very refractory and on smelting form a lava-like mass, which never 
melts down on the iron, but merely remains as a rough sintered layer. 
The German type contains a large mill addition of both clay and quartz 
which makes it even more porous than the American type. 

The introduction of feldspar into enamel batches followed, and the 
•modern types of enamel were developed. Enamel number three shows 
the use of two frits, one containing feldspar and approaching the more 
modern type of grouiid coat and the other the old ^nter^d type of frit. 
This type of enamel was used quite extensively. It contains a small 
amount of cobalt oxide, which is supposed to improve the adherence. 
The use of cobalt, however, in cast iron ground coats is of questionable 
'"alue. 

The ground coats in Table 27, numbered from four to ten, are typical 
vf modern practice. .They are all based on feldspar, borax, and quartz 
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with additions of fluxes for improving the fusibility. ' Numbers four 
and five are of the high lead type with considerable refractory added 
in the mill additions. Number four is of the one-frit type and number 
five of the two-frit type of composition. On referring to the chemical 
compositions, it will be noted that these two ground coats differ from 
the other modern ones only in the higher lead content and lower boric 
oxide and silica. They are somewhat more fusible, and the glasses 
formed are strong mechanically because of the lead content. 

The low lead modern ground coats consist of about ninety per cent 
feldspar, borax, and quartz. They do not, in general, contain large mill 
additions, the clay being added chiefly for suspending purposes. On 
considering the chemical composition, the soda and potash total about 
twelve per cent, the boric oxide about twelve per cent, the alumina 
about twelve per cent, and the silica about fifty-five per cent. The high 
silica and alumina give the glass its greater strength while the soda, 
boric oxide, and lead oxide act as fluxes. The small amounts of mag- 
nesia and zirconium silicate are added to improve the firing range, and 
the cobalt and manganese oxides are added to improve the adherence. 

> Electrolytes, such as borax, magnesium sulphate, sodium carbonate 
and sodium silicate are usually added to slips of these ground coats to 
control the set. The frits are ground very fine and are used in a thin 
w-atery condition, which when applied gives a vex'y light coating. ^ 

WHITE DRY PROCESS CAST IRON CQVER ENAMELS 

^ White dry process cast iron cover enamels vary considerably in 
composition and properties. The white color may vary from a cream 
to a blue white. Some of these enamels are so soluble that they are 
stained by such weak solutions as city waters, and others are so 
resistant that they will withstand strong acids. *'Dry process cast iron 
enamels are, however, very brilliant, durable, and satisfactory in serv- 
ice which makes them very popular. 

Compositions of representative types of white cover enamels are 
shown in Table 28.- It will be noted that two each of the following 
types are given: leadless-tin, low-lead tin, high-lead tin, leadless- 
antimonate, low-lead antimonate, medium-lead antimonate, and acid 
resisting. One composition is given for a leadless-antimony oxide, and 
a medium-lead antimony oxide enamel. This illustrates practically all 
of the different types of compositions, representative ones being chosen 
in each, case. 

Noting Hhese compositions in general, certain characteristics are 
common to all of them.- In contrast with the "enamels previously 
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studied, quartz additions are conspicuously absent, except in the two 
acid-resisting compositions. -These cover enamels derive practically all 
of their silica from the feldspar, the amount actually present being 
about 25 per cent of the melted weight, *as showm in the table of 
chemical compositions. Table 28. 

vAll of these compositions, with the exception of the acid-resisting 
enamel number fifteen, contain feldspar, borax, zinc oxide, and soda 
nitre. In very few cases does the feldspar content fall below thirty 
per cent, most of the compositions containing between 30 and 35 per 
cent of feldspar. Feldspar is the refractory in this type of enamel 
contributing all of the silica, most of the alumina and all of the potash. 
The alumina is essential to good working properties and opacity in 
most enamels. ^ 

The '‘borax content varies considerably from one composition to 
another with a range (excepting No. 15) of from 13.3 to 34.1 per cent. 
However, most of the compositions fall between 18 and 26 per cent of 
borax. ^The borax is a flux contributing both soda and boric oxide to 
the glass^ In leadless enamels the boric oxide is added at a maximum. 
Since borax is about one-half water, the actual amount of anhydrous 
sodium borate which reaches the glass composition is only about nine 
to thirteen per cent of the raw batch. By referring to the chemical 
compositions of these enamels, it wall be noted that the boric oxide, 
which is practically always present, amounts to about ten to twelve 
per cent of the melted weight. 

Soda nitre, which is present in all of the compositions in amounts of 
from 2.4 to 7.4 per cent, is added as an oxidizing agent and as a source 
of soda. ^It is the most fusible constituent in the batch and, since it 
forms a mobile melt, it soaks through the batch during the early 
melting, even when present in so small an amount, promoting fusion 
of the other constituents, and oxidation when it reacts wdth them* Soda 
nitre does not decompose rapidly below 1500° F unless it is in reaction 
with other constituents. Soda nitre is particularly important when 
antimony oxide is used as the opacifier, since the opacity from 
antimony is^due to the formation of the higher oxide which is insoluble 
in the glass. The compositions in the table show the increased amounts 
of soda nitre in enamels having antimony oxide present. Sodium 
nitrate is added to enamels containing lead compounds to prevent the 
reduction to metallic lead. ^ 

' Zinc oxide is an important flux in dry process cover enamels. It 
contributes brilliance and strength to the glass, serving a similar 
function to lead oxide. It is used to aid the lead, thereby permitting a 
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reduction in the amount of the latter. The amount added varies from 
about ten per cent in leadless enamels to about five per cent in high lead 
enamels. 

" Soda ash is used in dry process cover enamels to contribute soda 
when an insufficient amount of the latter is contributed by the borax, 
soda nitre, cryolite and sodium antimonate.' The total soda in the 
melted compositions of these enamels seldom exceeds eleven per cent, 
the amount usually being controlled by the coefficient of expansion of 
the glass. Increases of soda raise the thermal expansion coefficient of 
the glass very rapidly. If the soda and potash content of the melted 
weights of the enamel exceed about nineteen per cent, there is a decided 
tendency for the enamel to be pimply after firing. 

^ Fluorspar is an active flux in these enamels and it greatly aids the 
development of opacity.-* It is present in amounts up to eleven per cent 
in the ordinary compositions for dry process cover enamels ; but in acid- 
resisting enamels, it seldom exceeds two per cent. It reduces the acid 
resistance, even when added in these smaller amounts. It is usually 
present, however, since it is very desirable in improving the working 
properties of the enamel. 

' Cryolite is not so common a flux as fluorspar but it is a very strong 
flux, vlt occurs in many enamels in amounts of about four per cent, but 
is sometimes present in as much as twelve per cent of the batch weight. 
It aids the opacity in much the same manner as fluorspar does, the 
permanent opacifying compound contributed to the enamel by cryolite, 
being the sodium fluoride. It is questionable if any aluminum fluoride 
survives the smelting. The alumina contributed aids the alumina from 
the feldspar in improving the mechanical strength of the glass. Cryo- 
lite, like fluorspar, acts to lower the resistance of the enamel to acid 
solutions., Most of the lead present in enamels is added either as red 
lead (PbgO^) or litharge (PbO)^, Since the manufacturers of litharge 
have made a more fluffy product its use has become general. It is 
doubtful if the oxygen given off from the Pb 304 in forming PbO aids 
greatly in enamel making, since this oxygen comes off before the batch 
has a chance to melt.* White lead is not commonly used because of its 
expense and questionable advantage. The evolution of carbon dioxide 
and water may aid in stirring the batch, but it is not usually considered 
worth the additional cost. 

^ Lead oxide (either red lead or litharge) is a very desirable flux in 
dry process cover enamels. It aids the fusibility and greatly improves 
the working properties of the enamel. * Lead oxide and boric oxide 
are the only two fluxes which can be added in large amounts to an 
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enamel glass without promoting devitrification (crystallization). The 
crystals of the compounds of these oxides form at temperatures below 
the fusion temperature of the enamel; therefore they have no chance 
to form in an enamel melt. Devitrification of the glass results in 
a matt surface enamel not popular for most purposes. 

* Lead oxide, because of its poisonous nature, has been avoided as 
much as possible in enamel manufacture. Dry process cast iron 
enamels are not ordinarily used on food utensils, therefore there is no 
danger to the user. In production the necessity of breathing or 
absorbing soluble lead compounds should be avoided. With good 
ventilation for the mixing, smelting, and dusting operations, no diffi- 
culty from lead poisoning should be encountered. In using lead 
enamels, however, every precaution should be taken. 

^Barium carbonate is a valuable fiux in small amounts, since it acts 
similarly to lead oxide. It improves the fusibility, the gloss, and the 
brilliance.^ It is seldom added in amounts as high as ten per cent of 
the batch -weight of the enamel. 

♦ Boric acid is used in dry process enamels to contribute boric oxide, 
when that furnished by the borax is not sufficient. yOne seldom finds a 
composition containing both boric acid and soda ash because it is 
cheaper to add these two constituents as borax. If there is insufficient 
soda to combine with all the boric oxide, the excess is added as 
boric acid. 

^ Sodium silicofluoride is a constituent not common to this type of 
enamels. It, however, serves a very important function in the acid- 
resisting compositions containing titanium oxide^ The latter tends to 
produce a yellow colored enamel, but, if one or two per cent of sodium 
silicofluoride is added to the raw batch, this color disappears. It is a 
strong flux, but it probably loses its fluorine early in the melting 
operation, for it decomposes below its melting point. The sodium 
fluoride may be retained, but the silicon tetrafluoride is probably lost 
by volatilization. * 

^Whiting is a source of calcium oxide in an enamel and may be added 
in small amounts (less than five per cent). It is a refractory and in 
larger amounts it causes devitrification. It has an important influence 
on the color of enamels, especially if small quantities of iron are 
present. The yellow color contributed by the iron is reduced by the 
addition of whiting to the glass batch. Calcium oxide also has an 
important effect on the color of antimony enamels. The tendency of 
these enamels to take on a blue color in melting can often be eliminated 
by the replacement of lime with other fluxes. . 
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Bone ash is seldom used in enamels, but is considered hNsh^ne enam- 
elers to improve the adherence and the opacity. The improw^t of 
the opacity is supposed to be particularly important v^here tin 
used as the opacifier. 

Two kinds of opacifiers are used in dry process east iron cover 
enamels: tin oxide and antimony compounds. The older type of 
enamels all contain tin oxide, w^hieh is the simpler opacifier to use. It is 
not readily reduced and remains in the enamel glass as SnOo, under- 
going no chemical change. It is seldom added in amounts exceeding- 
eight per cent of the raw batch. 

The antimony opacifiers used are antimony oxide and sodium 
antimonate. The American antimony oxide is not as pure as the 
Chinese grade, but it produces a better opacity in enamels.^^ The 
antimony oxide tends to make the enamel refractory and is, therefore, 
seldom added in excess of seven per cent. 

Sodium antimonate enamels may contain as much as fifteen per cent 
of sodium antimonate. The nitrate is not quite so important to the 
opacity in using the antimonate, and the fusibility of the enamel is not 
reduced as much as when the antimony oxide is used. 

If the lead oxide exceeds nine per cent in antimony oxide enamels, 
there is a tendency toward a yellow color caused by the formation of 
lead antimonate. This color may be partially compensated by the 
addition of small amounts of cobalt oxide, but the control of the color 
is thus made very difficult. 

Clay is seldom added to dry process enamels, since it is not readily 
absorbed in the batch. If added at all, it is only to the extent of a few 
per cent acting as a refractory constituent. It is usually considered 
better to add the alumina and silica as feldspar rather than as clay. 

With the development of acid-resisting enamels the use of a pure 
grade of titanium oxide (not rutile) has become more common. This 
titanium oxide, although a refractory in the enamel, gives greater 
fusibility than silica. By replacing up to four per cent of silica by twice 
as much titanium oxide the fusibility is not changed, but the acid 
resistance is improved in most enamels. Over eight per cent of 
titanium oxide causes devitrification in many enamels, which results in 
poor gloss. The yellow color often resulting in titanium enamels can be 
compensated by adding one or two per cent of sodium silicofluoride. 

The white dry process cast irc^p cover enamels seldom contain any 
mill addition, although in rare cases one or two per cent of tin oxide are 
added at the mill to improve the opacity. 

M. E. Manson, J. Am. Ceram. Soc., 8, 437 (1925). 
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In a consideration of the different types of cover enamels, brief 
statements will be given to aid in the interpretation of the compositions 
in Table 28. 

Leadless, Tin Enamels. The leadless, tin enamels contain no lead 
and are opacified by tin oxide. To compensate for the absence of lead 
oxide, the boric oxide is present in large amounts. Barium oxide, cryo- 
lite, fluorspar, and zinc oxide aid the fusibility. No antimony is neces- 
sary for the opacity. 

Low-lead, Tin Enamels. The addition of six or eight per cent of 
lead oxide permits a lowering of the boric oxide content. The other 
fluxes are lowered slightly. 

High-lead, Tin Enamels. The addition of fourteen or fifteen per 
cent of lead oxide results in a decided lowering of the amounts of the 
other fluxes, such as zinc oxide, boric oxide, and cryolite. The feldspar 
content does not vary greatly in this series. 

Leadless, Antimonate Enamels. These enamel compositions, like 
the leadless tin enamels, contain considerable amounts of other fluxes, 
such as boric oxide, zinc oxide, cryolite, and fluorspar. In place of the 
tin oxide, sodium antimonate is added to these compositions. 

Low-lead, Antimonate Enamels. These enamels contain less boric 
oxide than the leadless type. The zinc oxide and other fluxes are 
reduced to compensate for the addition of two to five per cent of 
lead oxide. 

Medium-lead, Antimonate Enamels. With a medium-lead content 
(eight or nine per cent) the other fluxes of the enamel are further 
reduced. Zinc oxide shows a decided reduction. Higher amounts of 
lead oxide produce a yellow color in antimony enamels. 

The leadless and medium-lead antimony oxide enamels, numbers 
thirteen and fourteen, are similar to those containing sodium anti- 
monate except for the adjustment for the soda content. 

The two acid-resisting enamels differ decidedly in composition. 
Number fifteen is not a commercial type, but is decidedly acid resistant 
and can be used where acid resistance is of primary importance. It 
will withstand boiling hydrochloric acid for hours. It does not flow 
down to a smooth layer, but is slightly wavy. If applied slowly, a very 
satisfactory coat can be obtained. Enamel number sixteen is of the 
commercial production type. It is resistant to fruit acids, but is 
slightly attacked by strong mineral acids. It melts down well and has 
the appearance of the characteristic antimony type of enamel. It will 
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be noted that these acid-resisting enamels contain added quartz and 
are quite high in soda. They both contain lead, one being a tin enamel, 
and the other of the antimony type. 

COLORED DRY PROCESS CAST IRON ENAMELS 

^ Since colors have become more popular, there has been a demand for 
colored dry process cast iron enamels^ Practically all colors can be 
produced, most of them being obtained by additions of color oxides or 
stains to the regular cover enamels or glazes. ^-For pastel tints the 
opacifier is partially retained in the composition, but if dark colors 
are desired, the opacifiers are either omitted or reduced to very small 
amounts. Excessive opacifier tends to cause a mottled appearance, 
which may or may not be desired.^ To produce pure colors with no 
white present, glazes are used, such as are shown in Table 28. These 
glazes * do not usually contain lead oxide and are of comparatively 
simple compositions. ^Two to three per cent of cobalt oxide in the frit 
batch gives a dark blue, and four or five per cent of black oxide, a black. 
These two colors, dark blue and black, usually require colored frits, 
while other colors are usually made by adding the color oxides at the 
mill to either the glaze or the white cover enamel frit.* For further 
information on color see page 251. 

JEWELRY AND COPPER ENAMELS 

The production and use of copper, bronze, and jewelry enamels is 
a highly specialized field of enameling undertaken by only a relatively 
few concerns. The enamel surfaces produced must be perfect, but with 
such high priced ware it is economically practicable to exercise great 
care. 

These enamels are usually made in small batches and are often 
smelted in covered crucibles. Great care is exercised in the smelting 
operation, the frit often being re-smelted to develop the greatest 
possible opacity and to eliminate as much as possible of the dissolved 
and occluded gases. The enamels are applied to the metal by either the 
dry or the wet process. In some cases the slip is thin and can be 
sprayed or dipped onto the ware. In other cases, as with some jewelry 
enamels, it is more like a paste and is pressed into the spaces to be 
enameled. Although much of the modern enameled jewelry closely 
resembles the cloissone and champleve ware, which is entirely made by 
hand, other methods are used. The metal shape is often stamped or 
cast with the cavities and ridges. The enamel is then filled in between 

* Transparent frits are often called glazes. 
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these ridges and fired. A polishing operation follows in which the 
enamel and metal boundaries are ground smooth. A glossing fire then 
follows and after a light polishing of the metal the ware is finished. 

^ Copper enamels are used quite extensively for telephone dials, 
.small signs, and name plates^ A ground coat is usually necessary for 
these enamels, since there is a tendency for the copper base to be taken 
into solution in the cover enamels with a green discoloration. 

R. R. Danielson and H. P. Reinecker^^ studied copper enamels 
extensively and state that the melting is a very important operation 
in the development of opacity, and suggest slow cooling rather than 
quenching in water. They also state that these enamels are very sensi- 
tive to small changes in composition. In their work they found that 
sodium oxide promotes gloss, but reduces the opacity; lead oxide 
promotes fusibility without materially reducing the opacity ; cryolite 
is not a desirable fiux or opacifier because it tends to develop a matt 
surface; boric oxide is undesirable in large amounts and is better 
avoided entirely, and the use ~of ^arsenic oxide makes the tin oxide 
unnecessary. 

B. T. Sweeley also studied the relation of the composition and 
properties of copper enamels and came to the conclusion that the 
compositions for good enamels should fall within the following limits : 

Empirical Formula Limits 
.3 — .6 KNaO 1.3 —1.8 SiO. 

.7 — A PbO 0 — .2 B.O 3 

0.05 — 0.15 AS 2 O 3 

Table 29 shows the compositions of typical jewelry and copper 
enamels. Compositions number one, two, three, and four are jewelry 
enamels containing neither opacifier nor color. It will be noticed that 
these compositions are essentially potassium lead silicates. 

Composition number five is a ground coat for copper enamels 
recommended by B. T. Sweeley.^® Its chemical composition resembles a 
sheet iron ground coat composition to some extent, except that it 
contains barium carbonate and whiting. In the batch composition the 
soda and boric oxide are added as soda ash and boric acid instead of 
borax. A substitution of borax would probably be equally satisfactory. 

Compositions six to thirteen inclusive represent a series recom- 
mended by Danielson and Reinecker.^’’ They are copper enamels and 

^^The Production of Some White Enamels for Copper, J. Am. Cei*am. Soc., 4, 827 
(1921). 

J. Am. Coram. Soc., 4, 350 (1921). 

“ Hid, 

Tho Production of Some White Enamels for Copper, J. Am. Ceram. Soc., 4, 827 
(1921). 
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are very satisfactory; compositions eight and thirteen haying been 
checked by the author. 

Summarizing these compositions for jewelry and copper enamels, 
the chemical composition shows them to be essentially lead silicate 
glasses with small additions of the alkalies. They are, in general, 
opacified with about five and one-half per cent of arsenic oxide. 

In some experiments, the author has had considerable success in the 
enameling of copper with regular sheet iron cover enamels. The opacity 
of these enamels is not as strong as that of the regular copper enamels, 
but they have the advantage of cheapness and freedom from lead and 
arsenic. No ground coat was used, but two coats of the cover enamels 
were necessary to develop a good white. The compositions in the center 
of the field illustrated in Figure 62, specifically, numbers five, six, nine, 
ten, and eleven, were very satisfactory. 



CHAPTERS 
Frit Making 

Although antiquated methods for making frit are still used in many 
plants, the more modern concerns have developed highly efficient 
equipment and methods. The enamel frit manufacturing companies 
have been foremost in this development and the benefits to the enamel- 
ing industry have been far reaching. 

The mechanical methods of handling the raw materials and protect- 
ing them from contamination have been highly developed. The weigh- 
ing, mixing, smelting, and quenching have been put on a systematic, 
economical basis. Control has been installed wherever possible and 
the variation of the product brought to a minimum. Frits of uniform 
chemical and physical properties are now made for practically every 
type of enameling, and the plants which are unable to produce their 
own frits economically can buy them from the larger concerns. 

Frit making may be divided into three divisions: raw material 
preparation, smelting, and frit handling. A fiow sheet of the principal 
operations is shown in Figure 64. Control methods are not shown, but 
they are essential and will be discussed as each operation is considered. 
Magnetic separation of iron particles may follow either weighing or 
drying or both. 

Receiving and Storage. The chemical manufacturers have co-oper- 
ated with the enameler in shipping the raw materials in a manner that 
will aid his handling. Most of the materials are received in bags or 
barrels which permit ready mechanical or manual handling and 
storage. Where the production is large, bins holding one to two car- 
loads are used. These are made in the shape of hoppers, which can be 
discharged from the bottom where the batch is weighed. Mechanical 
elevators are used to raise the materials to the charging floor over the 
bins, and manholes in the floor serve to charge the bins. Such 
materials as quartz, borax, feldspar, fluorspar, and cryolite can be 
handled in bulk, provision being made to keep them from ^'hanging 
up” in the bins. Most chemicals can be bought to advantage in carload 
lots, which gives the large consumer quite an advantage. The chemical 
control of these raw materials, which involves chemical analyses, is 
also considerably simplified where large shipments are received. 

Where the use of bins is hot feasible, the bags and barrels are 
stacked in the storage room where they are convenient for batch- 
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making. Monorail conveyors are often used to aid the stacking and 
weighing of these packages. The hatch scale itself is often mounted on 
wheels so that it can he moved from place to place as the different 
materials are weighed. Where the storage and batch-making equipment 
are well arranged, it should be possible to make up batches of eight to 
ten chemicals in about ten minutes. 


Fuel Supply- 

Water and 
Air Supply 

Heat Supply 
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In a modern handling and storage department the bins are 
arranged in a straight line with space below for the batch-making 
equipment. Such an arrangement aids in keeping the enamel formula 
secret as it permits the weighing to be done by bin number rather than 
by material. 

The discharge doors of bins used for the raw materials are located 
at the bottom and must be so constructed as to give perfect control of 
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the flow. If the material hangs up” in the bin, it may fall with a rush 
and, if not controlled, will force itself out through the discharge. 

Weighing. The making of the enamel batch requires a careful, de- 
pendable, intelligent workman. It is often necessary to intrust this 
man with the formula and few concerns care to have their enamel 
compositions known to their competitors. To avoid this, numerous 
methods are resorted to. The use of numbers rather than the names of 
the raw materials has already been mentioned, but such a method is 
subject to criticism. A man familiar with the appearances of the 
different materials can identify them, or they can be identified by 
simple chemical tests or comparison. The system of making two batches 
by different men and mixing them together is cumbersome and expen- 
sive. If the two men compare notes they can figure the formulae. The 
method of weighing the bulk of the batch in the weighing room and a 
small addition of such constituents as fluorspar, cryolite, and small 
amounts of the bulk materials in the laboratory is fairly satisfactory. 
This method is often used and, if modified from time to time, will 
confuse attempts at solution. 

The use of the blind scale or the dial scale without numbers is quite 
satisfactory, especially if the order of the additions is modified from 
time to time. This method in conjunction with the method of weighing 
a part of the batch in the laboratory is probably the most secret 
method, if the man doing the weighing cannot be trusted with the 
formulge. 

In some modern installations of weighing equipment the actual 
weighings are recorded by an automatic recording machine, so that any 
mistakes or carelessness will be exposed. The recording machine is 
usually locked to prevent tampering and a violation of the weighing 
procedure is not permitted. On such records even small variations are 
readily detected, which, if checked, eliminate the human element from 
influencing the accuracy of weighing. 

The scale is usually built on wheels and is preferably moved along 
a track, which permits the weighing at each storage bin. If a stationary 
scale is used, the scale should be set in the floor so that the hopper used 
for weighing is at a convenient height for the addition of the different 
materials. Either monorails or trucks are used for bringing the 
materials to the scale. 

The weighing hoppers are usually square or round sheet iron boxes 
with the bottom tapering to an opening about one foot square, which is 
closed by a sheet iron sliding door. The hoppers are handled by 
means of an overhead monorail. 
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Mixing. The mixing of the raw hatch is usually preceded by a 
coarse screening to break up any lumps of material and to eliminate 
such refuse as wood, string, cloth, or nails, which may get into the 
materials from packages. Sometimes an electro-magnet is also used. 
The simplest method of mixing is that of using a hoe and a box similar 
to the old method of mixing mortar. The more modern methods are : 
the use of large cylinders similar to concrete mixers, hexagonal cyl- 
inders, or horizontal mixers. The horizontal mixers are generally 
trough shaped, containing a revolving shaft on which are mounted 
paddles or spirals to mix the materials. The batch is usually fed into 
these mixers at one end and discharged at the other. The barrel or 
concrete mixer types are charged with the batch and rotated for five or 
ten minutes and then discharged. 

The complete mixing of the materials in the batch is very 
important. Since the batch is made up of refractories and fluxes, the 
speed of reaction during smelting is dependent on a uniform mixture. 
If good mixing is not obtained, a longer time is required to smelt the 
batch, since the rate of reaction is directly proportional to the surface 
contact, and the more intimate the mixing, the more surfaces of contact 
exist between the particles of the flux and refractories. Good mixing 
also aids in the development of uniform color and opacity. Enamel 
glasses are quite viscous, therefore the distribution of different 
materials after melting is slow and often incomplete. The fact that all 
of the materials entering the enamel batch are not of the same size, 
shape of particles, or specific gravity, makes mixing difficult, but good 
mixing is a great aid to good smelting and should be attained. 

The batch, on discharge from the mixer, is received in a hopper and 
is then ready for charging to the smelter. 

Smelting. Although the literature contains very little on the smelt- 
ing of enamels, it is a very important operation and one which must 
be carefully controlled. 

Smelting involves the melting together of the raw materials enter- 
ing the enamel composition until a fairly uniform glass is formed. 
The successful accomplishment of this result is dependent on the 
thorough mixing of the raw materials, the proper heating, and the 
distribution of the heat through the batch. Some of the materials 
entering the batch are volatile, some fuse readily, some decompose 
readily, and others are highly refractory. The more fusible materials 
melt first, giving the batch the characteristic of being wet like slush in 
a spring thaw, thereby hindering the rapid evolution of gases and the 
loss of the more volatile constituents. These volatiles become occluded 
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and absorbed by the melt which takes them and the more refractory 
materials into solution. 

The physical and chemical changes taking place in the smelting 
of enamels are quite complicated and are not entirely understood. The 
fundamental changes are, however, the interaction of acids and bases, 
decomposition, fusion, and solution. The exact nature, the degree, and 
the order of these changes, however, depend upon many conditions, 
such as temperature, the combinations of raw materials present, and 
the agitation. 

Even in the early stages of smelting pronounced changes take place 
in the batch. Sodium nitrate melts first (586° F) forming a mobile 
liquid dissolving and reacting with the other constituents. Borax 
(Na 2 B 407 * IOH 2 O) begins to give up some of its water of crystalliza- 
tion as steam, and melts at about a red heat. This evolution of steam 
and melting causes a considerable agitation in the batch, which can 
be observed in the early stages of smelting. The molten borate readily 
dissolves metal oxides and initiates chemical action among the other 
constituents. It is quite probable that the presence of the steam itself 
greatly accelerates the rate of chemical reaction in the batch. If 
magnesium carbonate is present, it decomposes into carbon dioxide gas 
and magnesium oxide, which is a strong base. White lead gives up its 
water and carbon dioxide at about 75-2° F and red lead a part of its 
oxygen at 932° F. At temperatures of from 1500 to 1700° F the soda 
ash and lead oxide melt, and vrhiting is decomposed into carbon 
dioxide gas and lime. 

The gases being evolved at temperatures up to 1700° F therefore 
include steam, carbon dioxide, oxygen, and possibly some of the nitro- 
gen oxides from the sodium nitrate which has reacted with the other 
constituents. The molten soda ash is an active flux at these tempera- 
tures, attacking the more acid constituents with the elimination of 
additional carbon dioxide. The fluorides are soon taken into solution 
with an evolution of some fluorine and volatile fluorides. The melt 
becomes more mobile and active with these fluoride additions and 
increases in its attack on the feldspar and quartz grains. Antimony 
compounds are either oxidized to antimony pentoxide by the sodium 
nitrate or they are dissolved in the melt. Other opacifiers, such as tin, 
and zirconium oxides, are partially dissolved and, if excessively heated, 
they may be taken entirely into solution. Antimony oxide, unless it is 
kept oxidized to the pentoxide, melts at 1213° F, a much lower tempera- 
ture which may account for its ready solution in some melts. The 
opacity of enamels is very sensitive to the smelting procedure and the 
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composition of the melt. Tin oxide must be present in the melt as a 
suspension. Arsenic oxide and the fluorides appear to dissolve in the 
melt and crystallize out on cooling. Zirconium oxide appears to form 
an immiscible glass dispersed in the melt, but its nature is not definitely 
known. Antimony pentoxide must be present as a suspension in the 
glass. The exact natures of these high temperature phenomena are, 
however, not known. The use of the X-ray will probably contribute 
much to our knowledge of them. 

In a consideration of the physical and chemical changes of the 
batch, it is also necessary to study the effect of the furnace refractories 
and the furnace gases. The refractories used for smelter linings are 
high alumina clay brick or blocks with a low iron content. The iron 
content must be low, because the melt rapidly absorbs the iron, causing 
a green discoloration. If light colored or white enamels are being 
smelted, the refractories containing appreciable iron contents may 
cause dark specks in the frit. A highly aluminous refractory (flint fire 
clay type) is more slowly attacked by the fluxes in the enamel than arej 
those high in silica. 

When considering the furnace gases in the smelter, it is again 
important to return to the frit batch. The enamel batch itself provides 
a sort of gaseous blanket over its surface, which prevents the furnace 
gases from affecting it during the early stages of smelting. An enamel, 
for example, containing 35 per cent of borax and 10 per cent of soda 
ash loses about 165 pounds of water and 42 pounds of carbon dioxide 
for every 1000 pounds of frit. This is equivalent to 3290 cubic feet of 
water vapor at 32° F and a pressure of 29.9 inches of mercury. At a 
furnace temperature of 1700° F this would be equal to 14,500 cubic 
feet, or over a period of thirty minutes, about 483 cubic feet per minute 
or 8 cubic feet per second. With 42 pounds of COo eliminated over the 
same period, which would be at a rate of one cubic foot per second, 
there would be a total gas evolution from the enamel of about nine 
cubic feet per second, disregarding that evolved from the nitrate. This 
protects the enamel from contact with the fuel gases during the early 
stage of smelting. 

Figure 65 shows the content of carbon dioxide and oxygen in the 
atmospheres over an enamel batch plotted against time of melting. It 
is evident from the curves that the carbon dioxide is given off grad- 
ually, and also that the sodium nitrate keeps up the oxygen content of 
the atmosphere. 

Rate of Evolution of Carbon Dioxide and Oxygen. It has been 
shown that atmospheres of carbon dioxide and atmospheres of nitro- 
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gen up to one hundred per cent are not detrimental to the smelting of 
enamels.^ Reducing gases are not detrimental to the 'smelting of most 
enamels, although those high in lead may be affected after the comple- 
tion of the first evolution of gases from the enamel. Under extreme 
reducing conditions,, lead, antimony, and tin compounds may be 



Figure 65. Eate of Evolution of Carbon Dioxide and Oxygen with the Furnace 
Preheated.* 

changed to the metallic form, in which case they settle as metallic beads 
in the bottom of the smelter. 

Sulphur oxides in the smelter gases are absorbed by the enamel 
during smelting, forming an immiscible sulphate melt on the surface, 
which is soluble in water and is eliminated in the quenching operation. 

1 University of Illinois, Engineering Experiment Station, Bui. 224. 

* Ihfd. 
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Dust, dirt, and. soot must.be avoided in the smelter atmosphere,' 
since solid particles may be caught in the batch and cause specks and 
blisters in the enamel. 

It is evident on considering the nature of these changes that time 
is an important factor in smelting enamels. Heat applied too slowly 
will not give ideal conditions, because the first melt formed will then 
react only very slowly with the most refractory constituents, consum- 
ing excessive time and causing a loss of efficiency. A temperature 
sufficient to vaporize these more fusible materials might not be high 
enough to volatilize them, if they were in chemical combination with 
the more refractory constituents. By holding the low temperature for 
a long period of time, these original fluxes would be gradually vapor- 
ized. The loss of efficiency, however, because of the low^ production of 
the equipment when smelting at excessively low temperatures, makes 
this practice very uncommon. 

Since a rapid application of heat results in increased production, 
it is a common fault in smelting. If the enamel batch is heated too 
j’apidly, the more fusible constituents are melted and volatilized 
before they have a chance to react with the more refractory materials, 
This results in a final batch, which is harder (less fusible) than it 
would have been if less of the fluxes had been driven off. Excessive 
smelting, after the melt is ready to pour, results in a similar condition 
and, if carried on long enough, necessitates a further increase of 
temperature to permit pouring. 

Enamel batches vary considerably in their smelting characteristics, 
so that a careful study of each composition is necessary to determine 
the best temperature and time for proper smelting. There is consider- 
able latitude in these conditions, but for each type of enamel and 
equipment there is a combination producing the best frit with the 
greatest economy. 

. Enamel ground coats are usually smelted much harder than cover 
enamels- The sheet iron ground coats are generally smelted until they 
are free from bubbles and particles of unfused material. They are 
smelted to a fairly uniform glass, but must not be heated too long and 
at too high a temperature or they become brittle. Dry process cast 
iron ground coats are viscous and refractory and are seldom melted to 
a good glass. They contain bubbles, but the less fusible constituents are 
generally entirely taken into solution. They are poured in a viscous 
condition, no attempt being made to heat them to a mobile melt. If 
over-smelted they, like the sheet iron ground coats, become brittle and 
refractory. 
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Most copper enamels contain opaeifiers, which must not be taken 
into solution during the melting operation. These opacifiers serve 
their purpose only when they appear in the frit as inclusions uniformly 



Figure 66. Kate of Evolution of Carbon Dioxide and Oxygen Heating from 
Room Temperature.* 


dispersed in the matrix of glass. In some cases they dissolve in the melt 
and reerystallize on cooling, while in others they are present in the 
molten glass as immiscible melts or solids. Cover enamels must in 
general be smelted much more carefully than ground coats to avoid the 

* lUd. 
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loss of opacity. Enamels containing antimony compounds as the 
opacifiers are not smelted until they form a smooth thread ; they are 
only smelted until the bubbling ceases. Since dry process cast iron 
enamels depend entirely upon the frit for their opacity, they are even 
more sensitive than the wet process types. 

\/ Many defects of enamels have their origin in the smelting operation. 
Insufficient smelting may cause blistering, loss of weather or acid 
resistance, poor gloss, and poor texture in the finished enamel. Over- 
smelting may cause loss of opacity, fishscale, poor gloss, refractoriness, 
and discoloration. The color and opacity of many cover enamel frits 
are sensitive to the degree of smelting. In some white enamels a distinct 
blue develops and in others, shades from yellow white to blue white. 

In some enamel compositions, especially those containing lead, 
antimony, or tin compounds, reducing conditions in the smelting 
atmospheres may cause serious defects. These defects are usually 
present as brown or black specks in the enamel frit, but in extreme 
eases they consist of metallic beads in the bottom of the smelter. These 
specks, however, must not be confused with those arising from con- 
tamination by dirt in the raw materials, or those getting into the 
enamel from careless practice. It is possible for dirt specks to get into 
the enamel from the fuel and the air used in smelting. 

Quenching. The principal object of quenching the molten enamel 
is to facilitate grinding. If the glass is slowly cooled it forms hard 
lumps, which are difficult to crush or grind. It is, therefore, important 
to obtain as complete and uniform quenching as possible. The milling 
of poorly quenched frit requires much more time than that properly 
quenched. A non-uniform quenching procedure results in a non-uniform 
product and considerable variation in the milling times and efficiency. 

Molten enamel poured into water is chilled only on the surface, a 
layer of steam forming over it, which prevents rapid cooling. Chunks 
of frit will, therefore, remain hot for considerable periods of time and 
will not be shattered. If the fluid molten enamel passes through a blast 
of air and water, it is broken up into small droplets and threads, which, 
as they strike the water, are quickly cooled, causing them to shatter 
because of the strains set up in the glass. A good frit is not only broken 
into small pieces, but each piece is intersected with cracks, which make 
further reduction of size quite easy. In the interest of reduced cost of 
milling (an expensive operation), the frit should he thoroughly shat- 
tered. 

Attempts have been made to quench the molten enamel by blowing 
it with air alone into a large chamber. Reports of this method claim a 
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better product than that of the air-water quench, but the trade has not 
adopted the method. It involves considerable space for quenching, 
careful control, and greatly increased storage space. The frit formed 
by air quenching is fluffy and for a given weight occupies much more 
space than the air-water quenehed frit. It is claimed, however, that it 
is much more easily ground and that the product has better opacity and 
better acid resistance.^ 

Drying, After quencbing, frits may or may not be dried, depend- 
ing upon the operations to follow. If the frit is to be milled wet, it is 
sometimes charged to the mill without drying, but in such cases the 
water content should be determined. Frit which has been drained and i 
allowed to stand in the air may contain from five to fifteen per cent 
water. This amount of variation will affect the milling and the prop- 
erties of the slip to a great extent ; therefore, if the frit is added to the 
mill in the ^vet condition, a correction for the water content should 
be made. 

Three different types of equipment are used for drying frit : the 
drying table, the stationary dryer, and the rotary dryer. 

The drying table is a flat hearth on which the w’et frit is dumped. 
Heat is applied from beneath the hearth and the frit is raked by hand 
to accelerate the drying. This method is crude and wasteful of fuel, 
unless waste heat is used. The frit is subjected to contamination by 
settling dust and considerable labor is required for handling. 

The stationary type of frit dryer is usually a sheet iron chamber 
into which the basket of frit is placed. The air used for drying the 
frit is heated by passing it through an interchanger on the flue of the 
smelters. This air is passed down through the basket of frit and is then 
exhausted into the flue. The method is desirable, because it utilizes 
waste heat and clean air can be used, thus avoiding the danger of 
contamination. 

The rotary method consists of dumping the frit into a rotating 
cylinder. The cylinder is usually lined with porcelain and tilted 
slightly to one end, causing the frit to move through it continuously. 
A convenient size is about two feet in diameter and twenty feet long. 
Air warmed from the w^aste heat of the smelters moves slowly from the 
lower end of the cylinder over the frit to the upper end, where it enters 
a stack. The frit is charged at the upper end of the cylinder and is 
continually agitated as the cylinder rotates. The dry frit is discharged 
at the lower end. This method of drying frit is economical and effici- 

2 A. Malinovsky, Method of Cooling Enamel by Compressed Air, J. Amer. Ceram. Soc., 6, 
572-3 (1923), and Stefan Wiester, Air Cooled vs. Water Quenched Enamels, J. Amer. Ceram. 
Soc., 6, 973-4 (1923). 
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ent. The frit is protected from contamination and in addition is broken 
ixp slightly by the motion. If the frit is to be screened to give it a more 
uniform size for milling, it has the advantage of a preliminary prepara- 
tion for the screens. 

In some plants, particularly those supplying frit to the market, 
magnetic separation of iron-bearing impurities in the frit is becoming 
quite popular. Eegai'dless of the care exercised in manufacture, par- 
ticles of iron or iron-bearing slag may get into the frit and, if not 
removed, they produce black specks in the enamel. 


TABLE 30 

Decomposition and Fusion Properties 


Material 

Formula 

Decomposition | 

Melting Te.mp. 

Product 1 

“P. 




KoO ■ AI 0 O 3 • eSiO*. 



1170 

2138 

Borax 

* lOHoO 

NaaBiO? & H 2 O 

167 

741 

1366 


SiOo 



1710 

3110 


OaFo 



1360 

2480 


NasAlFe 



1000 

1832 





851 

1564 


NaNOa 



308 

586 

Bed lead 


PbO &O 2 

932 

888 

1630 

White lead 

2Pb003 • Pb(OH )2 

PbO, COs & H 3 O 

752 

888 

1630 

T /it'harg’fi 

PbO 



888 

1630 

Barium carbonate 

BaOOs 

BaO 

2642 

1923 

3493 

■Whiting 

CaCOs 

CaO & OO 2 

1517 

2570 

4658 

Magnesium carbonate 

MgCOs 

MgO & OO 2 

662 

2800 

5072 

f>5ridft 

ZnO 



>1800 

> 3272 

Antimony oxide 

SbjOs 

SboOa 

1654 

1550 

2822 

Sodium antimouate...... 

NaSbOa 





?(ir(»<iTi7iTTn oirfdA 

ZrOa 



2700 

4892 

Tits in m 

TiOa 



1640 

2984 

siiipp.+.P' 

NaoSiOa 



782-1080 


^obnlt 

C 03 O 4 : 

C 02 O 3 , CoO, Co & 0 




Manganese oxide 

MnOa 

MnO &0 

995 

1650 

3002 


The magnetic separator usually consists of a belt on which the 
frit travels and auxiliary belts, behind which electro-magnets are 
located. As the frit on the conveyor belt passes these magnets, the iron 
particles or even particles of frit containing small amounts of iron are 
drawn to the magnetic belts. These belts convey the magnetic material 
away from the batch and drop it in a container at one side. The frit 
passes to the frit storage or the hoppers for use. 

SMELTERS 

Three different types of furnaces are used for the smelting of 
vitreous enamels: crucible or pot furnaces, hearth (box) type 
furnaces, and rotary furnaces. 

Crucible furnaces are used only where the batches are small, as in 
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the making of jewelry enamels, in laboratory tests, and in making 
special colors. Although this type of furnace is not economical of fuel, 
it has advantages for special work. The enamel batch smelted in a 
crucible can be kept out of contact with furnace gases and, where 
desirable, can be covered. In the making of jewelry enamels containing 
arsenic oxide, the covered crucible prevents excessive loss of this 
volatile oxide and the accompanying danger from the poisonous fumes. 

The Crucible Type. The crucible type furnaces are usually fired 
with gas or oil, but can be heated by electricity. The combustion 
chamber in the gas and oil furnaces surrounds the crucible. The elec- 
tric furnace is of the resistance type, the elements being placed verti- 
cally around the crucible. The refractory and fuel costs are high, since 
the heat must pass through the crucible to the batch. 

In the operation of the crucible furnace the well mixed batch is 
charged into the hot crucible, and, toward the end of the smelting, it is 
stirred with a clean iron rod. Samples are taken and threads drawn 
from time to time to determine the progress of smelting. When thor- 
oughly smelted the melt is poured in a fine stream into cold water, 
shattering the frit. With some enamels containing arsenic oxide the 
melt is poured on a flat plate, because better opacity is sometimes 
obtained with slow cooling. Figures 67 and 68 show diagrams of a 
gas-fired crucible smelter and a rotary smelter. 

The Hearth Type Smelter. The hearth type smelter has for many 
years been the most common type of furnace used for making enamels. 
This type of smelter has the advantage of simple construction, fairly 
efficient operation, and long life. It can be easily insulated, and the 
refractory lining can be readily replaced when badly worn. The design 
of this type of smelter varies considerably from one plant to another. 
It consists essentially of a refractory box or tank (Figure 69) with the 
bottom sloping to a point near one side, where the tap hole is located. 
The side walls support a crown, which extends over the furnace. Brick 
and insulation are built around this with steel rods and clamps holding 
it in shape. The modern furnaces are fired with fuel oil or gas, the 
flame being so adjusted that it passes over the surface of the enamel 
batch. The burner or burners are placed at one end with the flue at the 
opposite end. In the smaller furnaces of this type one burner is 
sufficient, but in the larger type two or more are used. The batch is 
charged through a hole in the crown of the furnace and is leveled out 
with a rod or rake through a port hole in the side. The discharge is 
through the tap hole at one side in the floor. These furnaces vary in 
size from the fifty-pound laboratory smelter to the large commercial 
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types smelting several thousand pounds. An 800-1000 pound smelter 
is a common size in most plants. The smelters are often built in pairs 
having one side common to the two. 

The ordinary hearth sizes of these smelters are 22 x 30 inches for 
100 pound batches, 5x7 foot for 1000 to 1200 pound batches of raw 
material, and the 6 x 8 or 7 x 9 foot sizes used for dry process enamels. 



Figure 67. Crucible Smelter.* 


These larger smelters will take batches of 2500 or 3500 pounds. The 
general rule, as given by F. M. Burt,^ for the capacity of smelters is 
that for sheet iron frit 25 to 35 pounds of batch can be smelted for each 
square foot of hearth area. Also 30 to 40 pounds of wet process cast 
iron enamels or 45 to 50 pounds of dry process cast iron frit can be 
produced for each square foot of hearth area. 

* A. I. Andrews, Uni. of 111., Eng. Exp. Sta., Bui. 201 (1930). 

® Ceram. Ind., 16, 381 (1931). 
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The hearth of these box type smelters usually has a slope toward 
the tap hole of one inch in two or three feet. The curb wall is built 
around this hearth, the blocks extending three or four inches below 
the surface of the hearth. An upper course of curb wall brick is built 
on this and around the outside ; a wall of nine-inch straights runs two 
feet above the hearth to support the crown, which is also made of stan- 



Figure 68. Commercial Smelting Eoom.* 


dard fire clay bricks. The selection of the refractories to be used in 
smelters is an important consideration, a good grade of high aluminous 
fire clay usually being considered preferable. 

When gas is used as the fuel, several burners are usually employed 
at one end of the smelter. The proportional type mixer burner is 
generally used, and the burner fits closely into the wall of the smelter, 
no auxiliary air being used. These burners may be of either the type 
using fifteen to twenty pounds of gas and the appropriate amount of 
air to give good combustion, or of the inspiration type. In the latter 
type the gas is under a low pressure and is inspirated into the burner 
by the flow of compressed air or gas through a venturi. 


Courtesy of ttie Titanium Alloy Manufacturing Co. 
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If oil is used as fuel, one burner is usually sufficient. The oil flame 
is very long, which in some cases necessitates the installation of the 
oil burner at the same end of the smelter as the flue. The flame then 
travels the length of the smelter and returns to the flue. By proper 
operation very little short-circuiting is encountered and the tempera- 
ture distribution is good. 

Most smelters are equipped with pyrometers of the thermocouple 
type. The location of these is an important consideration and, once 
the most desirable smelting temperature conditions are obtained, they 
should be strictly adhered to. The furnace temperature for sheet iron 
ground coats is usually 2050 to 2200° F, for white cover or color 
enamels 1900 to 2100° F, for special hard enamels and one coat grays 




Figuee 69 . Hearth Smelter. 

2500° F, and for dry process cast iron enamels 1900 to 2100° F. It is 
doubtful, however, if the enamel itself ever exceeds a temperature of 
2100° F, although the furnace temperature is much higher. The 
temperature and time of smelting must, however, be determined for 
each enamel composition. Some enamels require rapid smelting at high 
temperatures, while others require a low temperature over a longer 
period of time. The conditions for each enamel composition should he 
determined and standardized, otherwise the properties of the frit will 
vary considerably. 

The heat in the flue gases can be used to preheat the incoming air, 
to dry the enamel frit, or to heat the smelter room. An interchanger is 
often used for this purpose, thus eliminating the objectionable flue 
gases. 

A pit is generally built on the side of the furnace under the tap 
hole. This pit contains a tank filled with water and a monel metal 
basket just fitting the inside of the tank and large enough to receive 
one charge of frit. As the molten enamel flows off the end of the trough 
under the tap hole, it is usually blown into the tank by means of a spray 
of water and air which aids greatly in breaking up the frit. The basket 
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is then raised out of the tank of water and drained, after which it is 
transferred to the dryer and finally to the frit storage bin. 

Operation* The box type of smelter is brought up to temperature 
before the batch is charged into it. This requires many hours, therefore 
the smelter is usually run continuously, one batch following another 
until a considerable quantity of frit has been accumulated. 

Before charging the batch into a smelter, the burners are turned 
off and the flue closed to prevent the dust from being carried up the 
flue. The batch is charged from a hopper through the door in the crown 
and leveled off by means of an iron rod or hoe. The flue is then 
re-opened and the burners are lighted. 

frhe batch melts from the surface down, although considerable heat 
is obtai ned th e hot hearthj As the heat penetrates the batch, the 
borax gives up its water as steam, causing an agitation, which aids the 
mixing of the batch. Later the decomposition of the carbonates con- 
tributes to this and the batch passes through the stages of a solid 
powder to a mush and, Anally, a mobile melt. As it approaches the 
melt stage, it bubbles violently and then subsides to a quiet liquid. It is 
usually stirred with an iron rod at some time during these last stages 
of the operation to make it more homogeneous and to aid the tempera- 
ture distribution. 

Several methods are used to determine when the enamel is . com- 
pletel y sm elted. The thread test is most common. A thread of glass is 
drawn from the melt and examined. Sheet iron ground coats are 
smelted to a condition where the thread is free of air inclusions or 
unfused material. Cover enamels may -not hfi jfirpH bpyn-nr^ f ViA Hicap.. 
pearance of the entrapped bubbles. The operator becomes very pro- 
ficient in judging the degree of smelting by the appearance of this 
thread. 

Sometimes a sample is analyzed for silica as a check on the oper- 
ator's estimate. High silica content, other things being equal, indicates 
over-smelting, and low silica, under-smelting. The use of phenolph- 
thalein jndieator on the crushed and screened frit is quite common in 
some cases. If the enamel is under-smelted, the phenolphthalein turns 
red quite promptly, while, if the enamel is over-smelted, the reaction is 
much slower. This change is dependent on the solubility of the alkalies 
of the frit and is suitable only for certain compositions, such as those 
used for gray ware kitchen utensils. 

It is customary to gather a portion of the melt in a shovel as it runs 
out of the tap hole. The sample is allowed to cool and is then broken 
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and examined and often kept as a record. The, fracture should h p 
sj r^ooth and free, from both aiL^bnbbles and nnfused materia l. 

When the smelting is completed, the tap hole is opened and the 
melt allowed to flow down the spout into the path of the air-water spray 
and into the basket in the water tank. The frit in the basket is usually 
stirred to prevent its collecting in lumps and to insure thorough 
quenching. The operator uses a steel rod to loosen any enamel which 
tends to cool and adhere to the spout. When removing the wad of clay 
in the tap hole, the dirt and first enamel passing over the spout are 
caught in a shovel and discarded. When the enamel ceases to flow, a 
new wad of clay is put in the tap hole and another batch of raw 
materials is charged into the smelter. The basket of frit is then raised 
out of the water tank, allowed to drain, and transferred to the dryer. 

The operation of the smelter requires control of the temperature, 
the products of combustion, and the frit batch. 

The temperature is usually controlled by means of the thermo- 
couple installed in the smelter and the hand adjustment of the burners. 
It is possible, however, to use automatic control for this. Either the 
thermocouple or radiation pyrometer can be used to actuate the 
equipment for operating the burner adjustment. The hand adjustment 
is, however, necessary in some cases (particularly with the rotary type 
smelter) and in such eases a definite schedule should be followed. 

It is possible to adjust the air and gas pressures of the smelter so 
that, not only will the combustion be most efficient, but a definite 
temperature can be produced. The upper curve in Figure 70 is derived 
by plotting the gas pressure against the air pressure for conditions of 
most efficient combustion. The other curves represent the correspond- 
ing data for different percentages of excess oxygen, as indicated. 
When the temperatures produced in a given furnace have been experi- 
mentally determined, they can be noted along these curves and, if a 
given temperature and given excess oxygen are required, the pressure 
of the gas and air can be set to reproduce them. 

By making Orsat gas analyses of the products of combustion in the 
stack with different adjustments at the burner, data can be obtained 
wffiich are valuable in the control of the burners. 

The Rotary Type. The rotary smelter is cylindrical in shape and is 
mounted so that it can be rotated and also tilted. The ends are made 
conical to retain the batch while rotating. An opening in one end 
serves for the burner and an opening in the opposite end serves as a 
flue. A diagram of the American type of rotary smelter is shown in 
Figure 71. The rotary smelter is built with a sheet steel jacket and 
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lined Avith special refractory shapes. It rotates in either direction and 
can be tilted to a vertical position for pouring the molten enamel. It 
can be fired with either oil or gas (city, natural, or butane) and is built 
in various sizes to take from 60 to 1100 pounds of enamel batch. Table 
31 shoAvs the dimensions, capacities, and approximate fuel consump- 
tions of these furnaces. 



Figure 70. Air-Gas Pressure Eelation in a Smelter.* 

Operation. The rotary smdter is best charged by means of a screw 
type charger which can reach through the door to the back end of the 
furnace and deposit the batch as it is withdrawn. It is possible, 
however, to shovel the batch into the furnace, but in any ease it must 
be distributed to avoid blocking the path of the flame. The charging is 
always made through the burner opening into the hot furnace. The 
burner is then swung into place and lighted. The smelter is rotated 
only far enough to bring the batch up on one side so that the material, 
as it melts, can roll down to the bottom of the smelter. This subjects 
new batch constantly to the flame and gives maximum speed in 

* W. G. Martin. A. O. Smith Corp. 
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smelting. The unmelted material is raised up the side by rotating the 
furnace slightly at frequent intervals. When the batch has practically 
an rolled down, the furnace is rotated half around, bringing the 
enamel melt into contact with the hot crown which is then under it. 
This causes violent boiling and the enamel fines rapidly, after which it 
quiets down. The furnace is then rotated constantly, which mixes the 
molten enamel. It is generally necessary, however, to stir the enamel 
from front to back of the furnace with a steel rod. As the melt ceases 



to bubble, samples are taken, and when completely smelted, it is 
poured. 

Pouring is accomplished by tilting the furnace with or without the 
burner in operation. It is tilted by means of a crank on one side and 
can be controlled perfectly by one man. The melt is best poured slowly 
to permit good quenching as the stream passes through the air-water 
spray and into the Monel metal basket resting in the water tank under 
the smelter. A very convenient quenching arrangement consists in 
forcing the enamel frit down an incline, around a curve, and into the 
frit badcet. This agitation makes the shattering of the glass more com- 
plete and produces a uniformly fine product. 

The rotary type of smelter has an advantage over the box type in 
that it gives a better mixing of the batch and can, therefore, smelt the 
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enamel more rapidly. It is economical of floor space and labor, one 
man being able to operate several smelters. The charge can be readily 
observed through the door, although this advantage is lost when an 
auxiliary door is used to increase the economy of the furnace. The 
charging and pouring can be rapidly done and easily controlled. The 
rotary smelter has a large fuel consumption and there is no convenient 
method of automatic temperature recording or control. An optical 
pyrometer sighted on the batch is generally used to measure the 
temperature. 

TABLE 31 


Specifications of U. S. Eotary Enamel Smelting Furnaces 



No. 1 
Furnace 

No. 2 
Furnace 

No . 3 
Furnace 

No . 4 
Furnace 

No . 5 
Furnace 

Enamel Capacity 

60 lbs. 

150 lbs. 

350 lbs. 

730 lbs. 

1100 lbs. 

Melting Time 

30 min. 

45 min. 

Ihr. 

1% hr. 

iy 2 hr. 

Size Charging Hole 

8" 

8" 

10" 

16" 

16" 

Size Pouring Hole 

4" 

5" 

8" 

10" 

10" 

Shipping Weight 

2100 lbs. 

3380 lbs. 

6725 lbs. 

10,930 lbs. 

13,400 lbs. 

Floor Space 

7' X 7' 

8'x8' 

10' X 10' 

12'xll' 

12' X 13' 

Head Koom 

9' 

10' 

13' 

15' 

20' 

Approximate Oil per Hour 

6 gal. 

9 gal. 

17 gal. 

25 gal. 

30 gal. 

Approximate Gas per Hour 

900 

1500 

2500 

5,000 

6,000 

Connersville Blower 

No. 35-B 

No. 40-B 

No. 50-B 

No. 60-B 

No. 60-B 

Motor for Rotatii g 

H.P. 

V 2 H.P. 

%H.P. 

1 H.P. 

2 H.P. 

Inside Diameter Chamber 

13 %" 

17%" 

! 25" 

33" 

33" 

Thickness, Fire Brick 

3" 

41 / 2 " 

5" 

5y2" 


Capacity Cubic Inches 

585 

1785 

5138 

9500 

14,750 


Figures are approximate. 


While the box type furnace requires many hours to bring it up to a 
smelting temperature, the rotary type can be heated in a very short 
time. This is very convenient where intermittent smelting is done. 
The original cost of the box type smelter is less than that of the rotary, 
the preference for one or the other type depending upon local 
conditions. 

The relining of either type of smelter requires first-class refrac- 
tories which fit closely in the furnace. Joints should be made as thin as 
possible, fire clay being used as the bond. The fire clay is preferably 
the same as that used in making the bricks. The early smelters were 
built with large blocks (6"xM"x30" or 6"xl2"x24") to avoid 
joints, but the more modern types use either small blocks (2%" x 
6" X 131 / 2 ", 4" X 6" X 131 / 2 ", or 5"x9"x9") or standard bricks. The 
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large blocks are made by band and are objectionable because of their 
expense and their low density. The machine-made dry pressed 
standard shapes are much denser and will withstand the fluxing of 
the enamel melt much better than the hand-made product. A good 
flint fire clay refractory (high in alumina) is generally considered to 
be most satisfactory. Clays with a high silica content do not withstand 
the fluxing action of the enamel. The refractory used should have a 
fusion point (P. C. E.) of cone 32 to cone 33, or 3092° to 3173° P. The 
porosity should not greatly exceed eight per cent and the brick should 
be burned uniformly to cone ten or eleven. Brick for smelter purposes 
should not contain iron slag inclusions or specks, since these are 
readily absorbed by the enamel batch. Light colored refractories are 
much less objectionable than dark from the standpoint of contam- 
ination. 

The lining of a rotary type smelter has an average life of about 350 
melts, but in some cases it lasts much longer, possibly 600 and rarely 
700 melts. The lining of a batch type smelter will last from 1000 to 
2400 melts, the curb walls being repaired or replaced as necessity 
requires. Enamels of the sheet iron type are least destructive to the 
smelter hearth, while those of the high-lead type attack the refractory 
quite rapidly. 

Most frit manufacturing plants are equipped with a number of 
smelters, since colored and white compositions cannot be made in the 
same smelters. The ground coats, blue, and black colors are usually 
made in the same smelters, while the white opaque enamels and the 
glazes are made in others. 

Ventilation. The smelting furnace room should be well ventilated, 
because some of the fumes from the enamel practically always escape 
even with good flue systems. The fluorine gases, lead vapors, and dust 
are detrimental to health and should be reduced to a minimum. With 
rotary smelters hoods are often built over the top of the entire smelter 
to draw off any escaping gases. The frit-making rooms should always 
be kept clean, for dust accumulating on the floor or equipment leads to 
contamination of the frit and causes defects in the finished enamel 
difficult to trace to their source. 



CHAPTEE 9 

Milling and Mill Additions 

The milling of enamels is an operation requiring careful control 
since it affects the working properties of the enamel and the quality 
of the finished ware. It involves not only the reduction of the size of 
the particles, hut the accomplishment of this without injurious contam- 
ination, and in a manner which can be duplicated from one batch to 
another. Vitreous enamels are practically always ground in ball mills 
and usually in those of the batch type. 

Although practically all enamels are required to pass a No. 60 to 
No. 100 sieve, the percentage of fines varies over a considerable range. 
The specifications for the milled enamels, therefore, generally call for a 
certain per cent of residue on a somewhat finer sieve. The milling 
operation must be so controlled as to produce a usable product, because 
it is not practicable to screen out the excessive fines or any great 
amount of the over-sized material 

In the milling of white or light-colored enamels, special care is 
necessary to avoid contamination by dark-colored materials. All 
enamels must be kept free from refractory materials, which will show 
as lumps or specks in the enamel coating, and foreign materials, which 
tend to react with the enamel glass or form bubbles and blisters. This 
problem of avoiding contamination is very serious, since there are 
many places where dirt may get into the batch. The raw materials, the 
water, the air, and even the equipment used for handling and milling 
must be constantly checked. 

The operation of the milling equipment is of primary importance 
in the control of the product, but good equipment and satisfactory 
accessories for control are essential to good operation. Poor or inade- 
quate equipment greatly handicaps the operation and is not usually an 
economy. The greatest efficiency is obtained when the mill room is 
properly equipped. If the mills used for white enamels are also used 
for colors, a considerable amount of labor, time, and materials is 
necessary in cleaning the mills after each change and the hazard of 
contamination is greatly increased. PrequeUtly it is desirable to 
have separate mills for different colors. The capacity of the mills used 
should be adapted to the scale of operations, for an over- or under-sized 
batch in a mill is ground very inefficiently. Usually several sizes of 
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mills are desirable to accommodate tbe different enamels, which are 
nsed in different amounts. 

In the milling of wet enamels the fineness of the materials inflnences 
the colloidal behavior of the slip. The suspension of the slip and its 
working properties are dependent upon the colloidal content, whether 
this be added as clay or formed in the milling operation. The prop- 
erties of these colloids are infiuenced by the soluble content of the 
liquor, which may be of either added or accidental origin. All frits are 
soluble to a certain degree and this soluble material not only affects 
the colloidal properties, but it influences the activity of added electro- 
lytes, such as borax and magnesium sulphate. 

FUNDAMENTAL CONSIDERATIONS 

The theories and the operation of ball mills have received consider- 
able investigation, therefore the facts are fairly well known. This has 
made possible the standardization of ball mill practice and has resulted 
in reliable methods of operation and control. 

As a ball mill revolves, the balls and the batch are carried up the 
side of the mill by friction, and then either allowed to slip back as a 
mass, roll, or cascade over into the interior of the mill. Although the 
size of the batch, the amount and size as well as the distribution of the 
sizes of the balls, the water content, and other less important factors 
affect this, the peripheral speed of the mill is of primary importance. 
The peripheral speed is the rate of movement of the inside of the 
lining of the mill, a value depending on both the size of the mill and 
the speed of rotation. With a given speed of rotation the peripheral 
speed increases with an increase in the inside diameter of the mill. It 
is, therefore, evident that large mills should not revolve as fast as 
small mills. 

At one time it was believed that the grinding in a ball mill was due 
to the falling stream of balls from the upper part of the mill to the base, 
thus crushing the particles by impact, but more recent researches have 
shown this to be untrue. The slipping of the batch as a whole is like- 
wise inadequate for efdcient milling and in addition it subjects the 
mill lining to undue wear. The greatest amount of milling is accom- 
plished when a churning motion is taking place ; this is the condition 
in which the greatest number of balls are moving over one another, 
resulting in the maximum number of grinding surfaces. The churning 
is at a maximum at the toe of the charge, but should take place through- 
out the whole mass. The grinding in this condition is greatest between 
the balls, and at a minimum between the balls and the lining of the noiU. 
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These different conditions can be controlled by regulating the 
speed of rotation of the mill. Figure 72 illustrates the conditions of 
the batch at different speeds. 

Figure 72 A shows the condition in a mill which is running at too 
great a speed. In this condition there is no grinding, the balls and the 
batch being thrown by centrifugal force to the wall of the mill, where 
they remain stationary with relation to each other and the mill. At this 





C 


D 


Correct Speed Too Slow 

Figure 72. Eifect of Ball Mill Speed on Milling. 


speed there is no noise caused by the balls and the mill runs very 
quietly. 

Figure 72B shows the condition of a mill which is run slower than 
in Figure 72A, but still too fast for most efficient grinding, a condition 
common in many plants. The balls are usually broken at an excessive 
rate, the lining wears away rapidly and the mill is excessively noisy. 
In this condition the balls are being thrown over the batch against 
the far side of the mill where they strike the lining without doing work 
on the material being ground. 
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Figure 72C shows the condition of a mill being operated at the most 
economical speed. None of the balls are being thrown over the batch 
against the mill lining and all of the balls are moving over one another, 
each doing its share of the grinding. In this condition the batch is 
■uniformly mixed with the balls; the balls are not thrown forcibly 
against one another, and the mill lining is not abused. 

Figure 72D shows the condition when the mill is being operated too 
slowly. Here there is not enough force exerted to throw the batch over 
and it slides on the interior of the mill causing excessive wear of the 
lining with very poor efficiency in grinding. In this condition, the 
batch can usually be heard to slide periodically as it is carried up the 
side of the mill. Such operation results in excessive heating and the 
milling is very slow. 

There are all variations in the conditions from the slow to the 
proper to the excessive speeds. Between the slow speed and the prope. 
speed the batch tends to segregate in the middle of the mass, thus giving 
reduced efficiency. A slightly excessive speed is preferable to one 
which is too slow. 

The Charge. In. milling enamels, the greatest efficiency is attained, 
if the mills are one-half full of balls. The charge of frit and raw 
materials added on top of the balls should fill the mill three-quarters 
full, the ^Yater being added last. After milling, the powder or slip 
should come just to the top of the balls, the mill being about two-thirds 
full. Mills are generally rated by the manufacturer for a given weight 
of sand. By multiplying this rating by 0.8 an approximation is 
obtained for the weight of enamel which can be handled in any 
given mill. 

If too few or too many balls are added, the milling operation will 
not be efficient. Too few balls permit too much material to collect 
between the balls wffiich acts with a cushioning effect, resulting in very 
little grinding. The slip or powder should just cover the balls so as to 
form a layer between them, so that, whenever the balls come together, 
grinding can be accomplished. If too few balls are present, a condition 
exists similar to that when the batch is too large, thus allowing too 
much material to exist between the balls. 

An excess of balls takes up, either space which should be used by the 
batch, or grinding space, which would permit freedom of motion. In 
production the fault of too few balls is more common than an excess, as 
the balls wear away in use and, unless they are systematically replen- 
ished, the total grinding surface is gradually lessened. Some operators 
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periodically examine and reweigh the balls, ^Yhile others add a few 
pounds each day to take care of the decrease due to wear. 

The amount of the batch should not be varied but should be kept 
at the optimum for efficient grinding. A large charge of material 
requires an excessive time for milling and the resulting product will 
have a different distribution of fines than one of normal amount. 
There is nothing gained in production by overloading the mill. A 
small batch will mill very rapidly, but again the distribution of fines 
will change, resulting in an enamel of quite different properties. In 
addition, a small batch is very hard on the mill, because the balls pound 
against each other and the mill lining, resulting in great wear. An 
undercharged mill will wear itself to pieces very rapidly. An empty 
mill, that is, one containing only balls or balls and water, should never 
be run for more than a few revolutions; five or ten minutes of such 
operation will do more damage to the mill than many days of 
ordinary use. 

The best mill practice is of a uniform character, where the weight 
of the batch is kept constant, the water constant, the amount of balls 
constant, the electrolyte constant, and the time or number of revolu- 
tions as constant as is consistent with uniform fineness. However well 
these variables may be controlled, the milling will vary from one batch 
to another. Such conditions as the temperature, which affects the 
volumes and the solubilities, will have an influence. With operation 
the mill lining wears away and increases the diameter of the interior of 
the mill. It is often necessary with such wear to increase the size of 
the batch to offset the effect. The quenching of the frit, already men- 
tioned in a previous chapter, has an important effect on the milling 
efficiency. A thoroughly quenched frit will mill much more rapidly 
than one which contains hard lumps. Such hard lumps are often very 
troublesome in milling enamels uniformly. 

The condition of the slip also affects wet milling ; a slip may be too 
thick or too thin for efficient milling. A very thick slip does not flow 
enough and retards the balls in their action. It tends to pack and hold 
the balls together, also acting as a cushion between them. A thin slip 
runs off the balls and does not, therefore, get between every contact. 
A slip for best milling should coat the balls uniformly, so that every 
contact between the balls catches some of the enamel. Such a condition, 
however, makes the discharge of the mill difficult, since such enamel 
does not flow well from the mill. A compromise is, therefore, necessary, 
although many operators reduce the water added when the mill batch 
is made up and at the end of the run they drain out only that which 
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will flow. They then add the remainder of the water to the mill and 
after a few more revolutions the enamel in the mill becomes very fluid 
and can be readily drained out. Soluble salts (electrolytes) affect the 
milling by affecting the mobility, yield value, and set of the enamel, the 
result of which may be understood from the preceding discussion. 

MILL ROOM EQUIPMENT 

The equipment of the enamel mill room depends upon the require- 
ments of the particular plant. Where the production is small, the 
operations other than the actual rotation of the mills may be done by 
labor alone, but, where production is large, extensive conveyor systems 
and labor-saving equipment are desirable. Economizing on ball mills 
is not, however, usually considered good practice ,• it is not generally 
real economy. Separate ball mills are desirable for widely different 
types of enamels, the use of the same mill throughout being costly 
because of labor and material costs involved in cleaning between 
operations. White cover enamels for sheet iron and east iron should 
have separate mills. A special mill should be used for the cobalt ground 
coat. Color mills should be separated into two groups, those for the 
dark colors and those for the light colors. If graining enamels are 
used, a separate mill is often required for them as they are particularly 
difficult to clean. In addition to these production mills, small labora- 
tory mills should be available for matching colors and for running 
experimental batches. 

Weighing Equipment. Three scales are desirable in most enamel- 
ing plants ; one with a capacity to weigh the bulk materials, such as 
frit, clay, and water, another to weigh opacifiers and colors, and a third 
of an accuracy sufficient to weigh electrolytes and special color addi- 
tions. The bulk scales usually have an accuracy of about one pound, 
the smaller scale about one-fourth of a pound, and the smallest scale 
an accuracy of about one-sixteenth of an ounce. 

Although the water is sometimes weighed, it is often added to the 
mill by volume measurement. For this purpose a water meter i§ some- 
times used, but a measuring tank, usually of the overflow type, is 
much more common. 

Miscellaneous Equipment. No discussion will be given here of the 
different types of conveyors, hoppers, platforms, and layouts for 
milling, since the diversification is great and requirements are varied. 

The screening equipment for the milled enamel is usually a coarse 
sieve to remove the large particles, such as pieces of balls or ^ ‘ tramp 
material in the enamel. In some cases, however, the slip is carefully 
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screened, one of the more satisfactory methods being by means of 
vibrating screens or screens of the rotary spray type. 

Ball Mills, The general design and construction of ball mills used 
for vitreous enamels are not essentially different from those used for 
other purposes. It has already been mentioned that enamels must not 
be contaminated by iron ; therefore ball mills' used in the enamel 
industry must be so lined that no iron will be exposed in the grinding. 
Two materials are commonly used for lining enamel mills ; porcelain 
bricks and silex blocks. Porcelain bricks, when made of a good tough, 
well vitrified body, are most popular. These bricks are made in 
various sizes and shapes to fit the curvature of different mills, but are 
in general about 2x2x4 inches in size, being shaped so that they fit 
together in tight joints. This requires that the sides be beveled so that 
they will fit flush with each other in the circular construction. They 
are set in a good grade of portland cement, all joints being kept as 
thin as possible. 

Silex is a natural silica rock which is very finely crystalline. These 
silex blocks are broken and split out of the massive rock; therefore 
they have rough surfaces and are very irregular. They, too, are set 
with Portland cement, but it is very difficult to keep the joints thin 
because of their irregularity and rough surfaces. A silex lining once 
installed and broken in, however, is a durable lining quite suitable for 
the milling of enamels. The wide joints are objectionable because of 
the possibility of contamination from the cement. The rough surface 
produced by the silex lining is desirable, for it improves the efficiency 
of grinding. Silex blocks are used more extensively in mills for ground 
coats than for cover enamels, since there is greater chance for contam- 
ination of white enamels from this lining than from porcelain. The 
contamination from a good grade of porcelain is not very serious as it 
is very slight and, in addition, this material is white and more fusible 
in the enamel than the silex. The silex, being a natural rock, often 
contains dark veins of materials which could cause dark specks in 
the enamel. 

The use of rubber as a lining for enamel mills has not been very 
popular, although in other industries it has been very successful. It is 
suitable for wet milling of many materials, but the heat developed in 
dry milling distintegrates the rubber. Rubber linings should not be 
used in mills which reach a maximum temperature of over 150° Fahr- 
enheit. A rubber lining is much more suitable for small mills than 
for large ones, as large balls strike the rubber lining with too great an 
impact, causing a disintegration of the structure of the rubber. This 



Capacities and Chabacteristics op Ball Mills 


iH 

6 

10 

252 

1755 

5040 

1100 

19 

30 

20 

11,600 

13 

6 

8 

186 

1390 

3740 

870 

19 

22 

15 

9300 

rH 

6 

5 

no 

840 

2200 

525 

19 

15 

9 

5500 

IT 

5 

6 

88 

690 

1905 

430 

21 

12 

8 

4600 

10 

5 

4 

58 

440 

1160 

275 

21 

9 

6 

2900 

C5 

o oci 

I— 1 03 

00 

T*<coOOOOC<l 00vd<0 

O O C3 C<l >-0 

CO OO tH lo o 

03 

t- 

4 

5 

44 

345 

880 

215 

23 

'IV2 

5 

2200 

o 

COTjHt'*0”^>OlOO'<+IO 

03 0 03 03 0 

03 10 tH CO 

r-i 

lO 

00 tH QO'O 0 0 0 to CO 0 

T-i 03 0 05 03 10 

1 — i CO 00 


03COOOOOOCO®^^ 
rH 00 0 UO CO £:;■ 

03 ^ 

CO 

2 

3 

7 

40 

104 

27 

36 

IV2 

1 

300 

03 

rHOl'^OOOQOOrH O 

03 CO rH 0 

03 

- 

rHrHT-Ha503C003 O 

CO 'rti 00 



Ph 

-M 


h^l 





a: 

ft 

02' 





0 

•M* 




rH 

i 

-J-J 

£»C 

P 


c 3 

ft 

OQ 





S 

S 

0 

0 

0 

0 

0 


u 

as 

§ 

03 

ft 

CD 

«T 3 

*co 

<» 

CD 

s 

oT 

s 

rH 

'0 

B 

c 3 

CQ 

c 

rH 


QQ 

PJ 

IH 

ft 

CD 

?3 

t-H 

§ 

HH 

0 

> 

*0 

> 

p 

pq 

Is 

0 

Q 3 

m 

W 

rP 

0 



MILLING AND MILL ADDITIONS 


235 


objection is largely eliminated in large mills by using thicker linings 
to take up the impact. Rubber with its high coefficient of friction has 
the advantage of carrying the charge higher in the mill than other 
linings. It is claimed that the contamination of white enamels by 
rubber linings is negligible, but the adoption of this material has been 
very slow in the enameling industry. Rubber-lined laboratory mills 
for enamels have proved very satisfactory from the standpoint of 
efficiency, freedom from contamination, and long life. The doors of 
enamel mills are often covered with rubber to prevent contamination 
from the iron of the door-frame. 

Both porcelain balls and flint pebbles are used in enamel mills, the 
latter being usually conceded to have the longer life. As with the silex 
lining, the chances of objectionable contamination with the flint 
pebbles is greater than with the porcelain balls. The pebbles are 
usually dark in color and any broken chips getting into the white 
enamels cause dark specks. They are, however, used considerably for 
ground coats and colored enamels. If porcelain balls are used, they 
should be of a good grade of porcelain and well vitrified. 

The flint pebbles are obtained along the northern coast of Europe 
and are sold in the United States as French pebbles No. 1 (1V2-2") and 
No. 2 (2-3%") or Danish pebbles No. 1 (l-U/s") and No. 2 "(11/2-2"), 
although larger sizes can be obtained. The standard sizes for porcelain 
balls are 1", 1%", 11/2", 2", and 3". 

It is good practice, especially when porcelain balls are employed, 
to use more than one size, because this introduces more points of 
contact between the balls than can be obtained with a single size. This 
is unnecessary with the pebbles, for they always vary not only in size, 
but also in shape. 

Table 32 gives the capacities and general characteristics of the 
standard ball mills. It is not possible to give the milling time required 
for enamels, since this varies over a wide range because of such factors 
as the size of the mill, the condition of the quenched frit, the hardness 
of the frit, and the amount of clay. The time required for milling and 
the optimum number of revolutions have to be determined for each 
case by actual trials. 

MILLING OPERATIONS AND CONTROL 

The milling of enamels should follow a definite routine, the speci- 
fications should be closely followed, and the records carefully kept. A 
milling card should be filled out when each batch is made up, the other 
information being added to the card as it is obtained. The card should 
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be kept with the batch throughout the whole operation, being hung on 
the mill during milling and removed only when the batch is removed 
from the mill. It is convenient to have a perforated identification card, 
part of which can be torn off after milling, the record going to the 
files, and the identification card going with the batch to storage. 

The flow sheets shown in Figures 73 and 74 give the routine opera- 
tions of milling. 
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Mise. Eleetiolyte Opacifier Frit Clay Color Residue 

Storage Storage Storage Storage Storage Storage Storage 


4 

Water W eighing 

Supply 

1 

I 

Measure I 

Water >Charging<- 

1 

Milling 

I 

Testing 

I 

Discharging 

I 

i 

Screening 


Aging 


Mill 

Supply 

Storage 

i 

Weighing 


Batch. Making. Weighing the batch is the first operation prepar- 
atory to milling. The weighing is usually done in a metal hopper 
with a sliding door at the bottom, the frit being weighed first, followed 
by the clay and other mill additions. The weighing of the batch seems 
like a simple operation, hut it must he done with great care, for 
mistakes will have serious consequences. The raw materials must be 
uniform in properties and chemical composition ; the frit should be in 
the properly quenched and shattered condition, so that it will mill in a 
reasonable length of time ; the clay must be uniform from one hatch to 
another, otherwise the resulting slip will not he uniform; and the 
opaeifiers and the colors must be of known, reliable sources. The elec- 
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trolytes added for setting up the enamel must be very accurately 
weighed, and contamination must be avoided by constant observation 
and care of the materials. 

Charging. The charging of the batch into the mill should be pre- 
ceded by a careful inspection of the mill or definite information as to 
its condition. If the mill has previously been used for a batch like the 
one being charged, it is only necessary to be sure that foreign material 
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or large particles of frit are not present. If a different kind of batch 
has preceded the one being charged, the mill must be thoroughly 
cleaned. 

The cleaning operation may consist only of washing the mill thor- 
oughly with water or it may involve grinding the mill out with clay, 
quartz, and water; in other words, the method of cleaning is deter- 
mined by the condition of the mill. If the latter is contaminated by 
dark-colored enamel and the present batch is a white cover, the greatest 
precautions must be taken to clean it thoroughly. In such a case the 
balls must be emptied out of the mill after it has been ground with a 
batch of clay, quartz, and water. The inside of the mill must then be 
flushed out and, if necessary, scrubbed, and the balls thoroughly 
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cleaned and returned to the mill. If the conditions are not so extreme, 
the mill may be merely flushed out several times with or without 
removing the balls. 

Dry process mills are cleaned either by milling a small batch of 
waste enamel, followed by dumping and brushing, or by brushing only. 
In any case, it is essential that the mill be clean enough not to con- 
taminate the next batch. Experience and judgment are involved here 
in determining just how thorough the cleaning operation must be. In 
many enamel shops this uncertainty and labor are avoided by having 
sufficient mills so that each can be reserved for a particular type of 
batch. The mills should, however, be periodically cleaned and 
inspected, even if they are reserved for only one kind of batch. 

Before charging the batch to the milj, the charge of balls in the 
mill should be inspected, so that the correct amount will be used. In a 
properly organized plant the cleaning and conditioning of the mills is 
done as part of the regular routine, so that no delay will be encountered 
when it is desired to prepare a batch of enamel. 

The batch is charged into the mill by supporting the hopper over 
the mill door and opening the slide in the bottom of the hopper. If the 
colors, opacifiers, or electrolytes are not mixed into the batch during 
this charging operation, they should be added so that they will be 
covered by the batch. If these constituents are on top of the batch in 
the mill, there is danger of their being partly lost, because they may 
fall into the space between the lining of the mill and the door. Since 
they are present in only small amounts, such a condition might 
seriously affect the properties of the enamel. 

In wet milling the water is added over the frit. This water must be 
either weighed or measured by volume, since the amount must be 
accurately controlled. The volume of the water added can be controlled 
by the use of either a water meter or a calibrated tank, the latter 
device usually being considered more dependable. 

After charging the material into the mill, the gasket and cover are 
set in place and securely clamped down ; then the air vent is closed, the 
guard rails put in place, the revolution counter set, and the mill 
started. All data, including the time, are recorded on the mill card. 

Milling. Assuming that the power supply, repairs to the equip- 
ment, and the speed of the mills are taken care of, the most important 
problem in the milling operation itself is to determine when the enamel 
is properly milled. It is not safe to depend upon the time of milling 
or even the number of revolutions of the mill for this purpose, because 
small variations in the conditions often greatly affect the results. An 
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actual test of the enamel is necessary and is the method used in all 
well-run plants. This irregularity is probably the reason why contin- 
uous mills have been so seldom adopted in the enameling industry. 
They have found favor in preparing dry process enamels, but have 
met with little success in wet process milling. 

The sample for the fineness test is usually taken through a sampling 
tube in the end of the mill. If such a tube is not used, it is necessary 
to take a sample through the door. In either case, care must be taken to 
be sure that a representative sample of the batch is obtained. 

The fineness test consists in washing either a known volume or 
weight of the slip through two sieves. The enamel should all pass the 
coarser sieve and should leave some residue on the finer sieve. The 
plant tests vary considerably to suit the particular conditions, the 
volume of the residue sometimes being measured and, in other cases, 
the residue is weighed wet or dry. The test used should, in any case, 
be definitely standardized and carefully run, so that the results will 
be dependable. 

The cone screen test is one of the tests which has been popular in 
enameling shops. These screens are conical in shape, about three inches 
in diameter at the top, and about five inches long. Usually two screens 
are used in a test, the measured sample being placed in the coarser 
screen, in which no residue should be left after w^ater is run 
through the screen. The enamel which passes the coarser screen is 
caught on the finer screen and again flushed with water. A definite 
amount of residue should be retained by the second screen, the amount 
being measured by a scale on the side of the screen. Such a test is 
convenient, but it is not as accurate as the standard test, where the 
residue is caught on a flat screen, dried, and weighed. 

The standard method for fineness of wet-milled enamels, which has 
been adopted by the Enamel Division of The American Ceramic 
Society is the most desirable method. It is suitable to plant practice 
and is coming into very common use. 

THE STANDARD METHOD FOR FINENESS OF WET-MILLED ENAMELS 
ADOPTED FEBRUARY 17, 1930." 

The enamel to be tested should be stirred thoroughly to produce uniformity. 

Sample. A sample containing 100 grams of frit should be weighed. This, in 
grams, corresponds to the total mill charge, including water, for 100 pounds of 
frit. 

Sieves. A No. 40 protection sieve should be placed above the testing sieve. 
The testing sieve should be either a No. 100, 200, or 325, depending on the fineness 

^ Bui., Amer. Ceram. Soc., 9, 269 (1930). 
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of the enamel being tested. If, on a trial run, the residue retained on a No. 200 
sieve, as testing sieve, is over 25 grams, a No. 100 should be used; if the trial 
residue on a No. 200 is within the range of 1 to 25 grams, that sieve should be used. 
The above sieve numbers refer to the United States Standard Sieve Series. 

Testing. The weighed or measured sample should be poured onto the upper 
(protection) screen and carefully washed through the two screens, until no 
enamel can be detected in the washings. Nothing other than coarse, unground 
particles should be retained on the protection screen. The lower (test) screen, 
with its residue, should be thoroughly dried, until the residue thereon easily moves 
about as a dry powder when the sieve is shaken. The sieve should be tapped 
gently, until less than 0.1 gram passes through on a minute’s tapping. 

Weighing, The residue should be transferred to a balance and weighed to the 
nearest 0.1 gram. The weight thus determined should be taken as the index of 
fineness of the enamel in terms of the number of the testing screen used. 


TABLE 33 

Properties op Typical Enamel Slips 


Type op Enamel 

Speoipio Gravity 

Fineness * 

Sheet iron ground coats 

1.55 - 1.75 

7 to 20 

White sheet iron cover enamels 

1.80 - 1.90 

4 to 7 

Colored sheet iron cover enamels 

1.80 - 1.90 

2 to 4 

White lead-bearing cast iron enamels 

2.20 - 2.40 

2 to 4 

Leadless white cast iron enamels 

1.80 - 1.90 

2 to 6 

Colored lead-bearing cast iron enamels.... 

2.20 - 2.40 

1 to 3 


* Eesidue in grams on a No. 20^^ screen from a lOO-gram sample. 


Note. Testing sieves of the finer sizes have, in a number of instances, been 
found in error far more than the commercial tolerances permit. This is especially 
true of old sieves, because of wear and the corrosive influence of the laboratory 
atmosphere, but may sometimes be true of new sieves. Beasonable precautions 
should be taken by the user to assure himself that his sieves are accurate. 

It is not possible to reeommend a given screen analysis for enamels 
without the results of trial runs of different screen analyses and the 
behaviors of the enamels on application, drying, and firing. Enamels 
differ in their requirements, depending on their compositions and the 
methods used for application and handling. Typical screen analyses of 
the different types of wet enamels are, however, shown in Table 33. 

If ground coats are milled too fine, there is a tendency to burn off 
at the edges. They over-fire more readily with the production of 
delayed fishseale or “shiners.” The properties of the slip are affected 
by grinding too fine, the set-up is greater, more water is required for 
the same thickness in application, and water streaks may result. 

If the ground coat is milled too coarse, a rough surface is produced, 
copper-heading is aggravated, and the enamel does not stay in 
suspension well. 
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If white cover enamels are ground too fine, they tend to tear and the 
set-up is affected by both the finer particles and the increased solution 
of the frit in the mill liquor. If the grinding is too coarse, the opacity 
is reduced and the surface does not fire down smoothly. 

Uniform milling greatly aids uniform application, therefore the 
added effort put into the uniform grinding of the enamel is usually 
compensated by the gain in application, not to mention the improved 
quality of the ware. Good milling practice is, in general, uniform 
practice. 

In the milling operation two fineness tests are run, one a short 
time prior to the discharging, which usually gives the proper fineness, 
and one just prior to the discharging of the mill. The first test gives 
information, which by experience enables the operator to estimate 
approximately how much longer the mill should be run to give the 
desired condition. 

Specific Gravity. The control of the specific gravity of the slip be- 
gins with the mill batch. If a constant amount of water is added to 
each mill batch, the variation in the specific gravity is kept at a 
minimum. Since the mill lining may absorb more water at some times 
than others and since the raw materials may carry in small amounts 
of water, the control of the added water does not always insure a 
constant specific gravity for a given enapiel batch. Variations in the 
batch will greatly affect the specific gravity of the enamel slip. 

To determine the specific gravity of a slip, it is only necessary to 
weigh a known volume using metric units, and divide the weight in 
grams by the volume in cubic centimeters. The equipment necessary is 
determined by the size of the sample used. If equipment is available to 
weigh accurately to two-tenths of a gram, this, and a hundred cubic 
centimeter copper tube are all that are necessary. The tube should be 
about one inch in diameter and closed at one end. It should be fitted 
with a flange, so that it will stand vertically, and should be calibrated 
to hold exactly one hundred grams of water at seventy degrees 
Fahrenheit. 

To make a test, the dry empty tube is first weighed and then filled 
with the enamel slip to be tested. It is then re-weighed and the weight 
of the empty tube subtracted from the weight of the tube filled with 
enamel. This gives the weight of the one hundred cubic centimeters of 
enamel slip. This weight in grams divided by the volume in cubic centi- 
meters is the specific gravity of the slip. The weighing and volume 
measurements should be done with sufficient accuracy to give the 
specific gravity to the second decimal place. 
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It is not possible to recommend a certain specific gravity for 
enamels in general, since the specific gravities of the frits vary and the 
requirements are not the same for different purposes. Table 33 shows 
the approximate specific gravities used for the different types of 
enamels. 

If the enamel slip has too high a specific gravity, the proper amount 
of water to be added can be calculated as follows : 

8,-83 

W=:VX 

83 — 1 

where Y = volume of the slip in gallons, 

S, = original specific gravity, 

Sg = desired specific gravity, 

W = gallons of water to be added. 

The chart in Table 34 shows the amount of water in pounds necessary 
to be added to ten gallons of slip of a given specific gravity to bring it 
to the desired specific gravity. To change pounds of water to gallons, 
divide by 8.3454. A similar chart can be conveniently constructed to 
cover the range of variations ordinarily encountered with a particular 
enamel. 

If the specific gravity of the slip is less than that desired, it must 
either be allowed to dry out or be blended with a slip of high specific 
gravity. The former method is inconvenient and not usually con- 
sidered good practice; it will either require heating of the slip or 
standing for a long time. Such treatments change the properties of 
the slip. 

To calculate the proportions of two slips, (one with too low a 
specific gravity and one with too high a specific gravity), necessary to 
obtain a given desired specific gravity, the following formulas can 
be used: 

For a given amount of the slip of the lower specific gravity, 

H — D 

B = X A 

D — L 

where H == specific gravity of slip of high specific gravity, 

D = specific gravity of slip of desired specific gravity, 

L = specific gravity of slip of low specific gravity, 

A = gallons of slip of low specific gravity, 

B = gallons of slip of high specific gravity. 
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For a given amonnt of slip of the higher specific gravity, the fol- 
lowing formula is used, 

D — L 

X B 

H — D 

where the letters represent the same magnitudes as in the preceding 
formula. 

To change the pounds of either slip to gallons, divide by the 
specific gravity of the slip and by the factor 8.3454. 

Discharging. A mill should never be discharged until the control 
tests show that the enamel has been properly ground. The enamel is 
then discharged and put into storage, where, in the wet process, it is 
aged from twenty-four to forty-eight hours. 

The method used for discharging the mill depends upon whether 
the enamel is milled wet or dry, the ease with which it flows out of 
the mill, and the equipment available. Dry process enamels are 
practically always discharged by replacing the mill door by a grating, 
just coarse enough to retain the balls, and rotating the mill. The latter 
is enclosed by an apron, which catches the powder as it is thrown out 
of the mill. The powder falls into a hopper below the mill, from which 
it is transferred to the storage cans. The enamel in these cans is usually 
tested by firing small samples, which will show the existence of any 
defects, such as dirt in the enamel, a lack of gloss, or an off-colored 
product. If continuous mills are used, the powder is continuously 
discharged and periodically tested for fineness and firing properties. 
Dry process enamels are not usually screened, although they may be 
passed over a coarse sieve to eliminate any foreign materials or 
particles chipped off the balls or lining. 

Wet process enamels may be discharged from the mills, either 
through a valve in the door or through a mushroom valve placed in the 
side of the mill. The mills are turned to a position with the valve down 
for this purpose, the sampling tube is opened to ahow air to enter the 
mill over the enamel, or air is forced into the mill under about six 
pounds pressure to increase the rate of flow. High pressures should not 
be used for this purpose, because the ordinary mill is not constructed to 
withstand much pressure. Small mills may be emptied by the use of a 
grating in place of the door, the mill being slowly turned until the 
enamel pours out. 

The ease with which enamel slips run out of the mills varies with 
the consistency of the enamel. A slip which is very thick will run out 
only very slowly and incompletely. Such slips because of their con- 
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sistency must often be milled with insufficient water and partiaUy 
drained out of the mill in this thick condition. The remainder of the 
water is then added to the enamel left in the mill. This water gives a 
very fluid slip, which can be readily drained out. If the mill Ts used 
repeatedly for the same enamel batch, a small amount of residue left in 
the mill is not objectionable, for it is not lost. A large amount, however, 
reduces the capacity of the mill and may lead to an excessive amount of 
fines in the slip. 

Hills are usually mounted well above the floor to facilitate draining, 
since it is usually necessary to place a container under the mill large 
enough to hold an entire batch. In some cases the drained enamel is 
pumped directly from the mill to the screens or to storage. A 
diaphragm slip pump is most satisfactory for pumping enamels. Some 
pumps agitate the enamel excessively, causing it to heat and thereby 
influencing its set. 

In any case, one should avoid contamination of the product by dirt 
or other foreign materials when discharging enamels from the mill. 
It is good practice in this regard to wash the outside of the mills and 
keep the mill room generally clean. Smoke and dust in the air of a 
mill room should be avoided. 

Screening. Enamel slips are preferably screened to eliminate any 
large particles which may interfere with the spraying or cause lumps 
in the enamel coating. The flat reciprocating screen has been used 
extensively for this purpose, but the rotary type of screen has a much 
greater production and is being more generally adopted. The enamel 
slip is fed into a funnel at the upper end of a shaft, down which it runs 
to the rapidly revolving spray head. The centrifugal force of this 
spray head throws the slip in a fine spray through the screen surface. 
The portion of the slip which does not pass the screen flows down into 
the residue tank, where it is picked up by the revolving cone and again 
thrown into the screen. 

Such a screen will handle several hundred gallons of slip per hour, 
an eighty-mesh sieve being used for cover enamels and a sixty-mesh 
sieve for ground coats. 

Aging. The aging of enamels is usually desirable, although cer- 
tain types, such a^ some acid-resisting enamels, do not work as well 
wifijuaged. However, enamels which are to be dipped or slushed onto 
the ware are, in general, better if aged for one to two days. 

When enamels are discharged from the mill they are usually warm 
from the friction in the mill and have different properties than when 
they cool. The temperature of enamels not only has an important 
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influence upon the properties at that temperature, hut it affects the 
final condition of the enamel. Enamels should, therefore, be aged at 
temperatures close to those at -which the enamel is to be applied. In the 
aging of enamel slips an equilibrium is set up between the clay, the 
frit, and the solution. If this equilibrium is maintained, the properties 
of the slip remain constant, but a slip which is agitated or subjected to 
different temperatures will change in properties because of variations 
in this equilibrium. At higher temperatures more solution takes place, 
at lower temperatures it is reduced. If a slip is, therefore, subjected 
to varying temperatures, it will tend to change in properties and 
control will be very difficult. In some cases the ball mills are kept cool 
during milling, so that the slip will not be exposed to elevated 
temperatures, which change its properties. A slip which is undergoing 
changes is difficult to handle in application, therefore aging is essential 
to good practice. Most enamelers are familiar with the difficulties 
encountered by the use of the cold ground coat slip on a Monday morn- 
ing after a shut down. 

Enamels vary in their abilities to reach an equilibrium on aging. 
Some enamels attain it in a comparatively short time, while others 
continue to change over a long period. Agitation accelerates the rate 
of aging. If the frits used in the enamel are fairly soluble in the mill 
liquor, aging may be a detriment to them, since their natural equi- 
librium will then be a condition in which the enamel cannot be used. 
Such slips must, therefore, be used before they have aged very long. 
The release of air bubbles which have been trapped in the slip during 
the milling operation is another advantage of aging. 

A uniform slip is usually an aged slip and practice has shown that 
the slip which will withstand aging is usually the easiest to handle. 
A slip which cannot be aged may be a constant source of trouble, 
because difficulty is usually encountered in getting and holding it in 
the proper condition for use. The discussion of the function of electro- 
lytes, the effects of soluble salts, and the properties of slips. Chapter 10, 
is of interest in the consideration of aging. 

Reclaiming Enamel. In practically all enameling shops the re- 
claiming of waste enamel is an important problem. In the dry process 
shop this waste is in the form of floor enamel, Le.^ that which is caught 
in the tray on the floor under the dusting-on equipment. This floor 
enamel contains particles of scale and dirt, which make it unfit for use 
without reconditioning. 

Floor enamel is reclaimed by first screening out as much as possible 
of the foreign material and, in some instances, passing it over a 
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magnetic sepaiatoi*. Enamel treated in tins way may in some shops be 
used for ware not requiring as high a quality as the first-grade product. 
If the enamel cannot be used after this preliminary treatment, it is 
usuaUy incorporated in the raw batch and resmelted. Smelting brings 
about a further purification and dilutes the foreign materials. The 
difficulties of reclaiming floor enamels depend to a great extent on how 
well they are protected from undue contamination. It is usually easier 
to eliminate sources of contamination than to correct the trouble. 

In wet process enameling the spray booth residue constitutes the 
main source of- scrap enamels. This enamel is often contaminated by 
sand from eastings, dirt carried in by the ware, dust collecting from the 
air, and other miscellaneous articles, which may fall into it. Here it is 
desirable to eliminate as much chance for contamination as possible. 

The spray booth scrap is reclaimed in a number of different ways. 
If the scrap is dry, it is usually screened through a No. 20 sieve, but, if 
it is wet, it may be stii*red into an excess of water, skimmed to remove 
floating materials and then screened. 

There are two ways of preparing the residue for re-use ; blunging 
it with additional clay and a small addition of opacifier, or remilling it 
with similar additions, or as an addition to the regular mill batch. The 
first method of blunging is not common, but it has the advantage of not 
reducing the fineness of the frit. When reconditioned, the resulting 
slip is generally used for the first cover coat enamel only. 

The method of remilling the screened residue is most common, the 
milling being continued only long enough to give thorough mixing. 
Such mill additions as one per cent of clay and one per cent of opacifier 
are generally used if the enamel is to be used as the first white coat. 
In many plants it is convenient to use this reclaimed enamel in the 
making of grays or other dark-colored enamels by the addition of 
colors and remilling. The principal objection to remilling the scrap is 
the danger of grinding it too fine. 

MILL ADDITIONS 

Although mill additions make up only a minor part of enamel com- 
positions, they have an important effect on the properties both before 
and after firing. In some cases more than one frit is used, but this is 
usuaUy unnecessary. Sheet iron ground coats are often made in two 
frits, one hard and one soft, which makes it possible to vary the 
hardness of the enamel by varying the proportions of the two frits. It 
IS true that with some compositions, better and more dependable 
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results can be obtained with two ground coat frits blended together 
than with one frit of the blended composition. 

Mill additions for enamels can be classified into four groups in 
addition to the water and the frit. These groups are : floating agents, 
opacifiers, colors, and electrolytes. 

The water for mill additions should be the same from day to day, 
as the mineral content of the water influences the properties of the slip. 
Mill waters must be free from mud or other suspended materials, which 
tend to form dark specks or blisters in the enamel. It is necessary when 
using roily waters to filter them through sand or other filtering 
material. Since natural waters often contain appreciable amounts of 
dissolved salts, such as calcium and magnesium sulphates and car- 
bonates, their mineral content is of considerable importance. In some 
waters the alkali runs high and in others iron salts may be objection- 
able. The finely divided animal or vegetable matter is not usually 
detrimental, unless it is especially abundant. 

Floating Agents. Floating agents are materials, such as clay and 
gums, which suspend the frit particles in the slip. Clay is the most 
common floating agent, but the selection of the clay is an important 
consideration. There are no simple tests for the selection of enameling 
clays, therefore an actual trial in the enamel is usually made. Clays 
for enamel mill batches should be fine grained and highly plastic, but 
they should not contain appreciable amounts of impurities, such as 
mica and organic materials. G-ood enameling clays, when fired alone, 
are cream-colored and contain no dark specks. They are refractory and 
their chemical compositions approximate kaolinite (ALOg • 2 Si 02 • 
2 H 2 O). The properties and chemical compositions of six typical 
enamel clays are shown in Table 35, 

It is evident on studying this table that a determination of the phys- 
ical, drying, and firing properties and the chemical compositions do not 
enable one to select a good enamel clay. The work by Rice and Poste ^ 
and also that of Boeker,^ from which some of these figures were taken, 
further substantiate this conclusion. 

Enamel clays are usually of the plastic ball or fire clay type. They 
must be uniform from shipment to shipment and must be fairly free 
from iron and coarse grained impurities. In some enameling shops the 
clay is suspended in water and screened through a No. 200 mesh sieve 
to eliminate foreign materials. This is often desirable, since it is an 
inexpensive operation, which may eliminate frequent specks or fish- 

A. Bice and E. P. Poste, BuL Am. Oeram. Soc., 9, 230 (1926). 

* V, W. Bo^ex, X Am. Ceram. Soc., 9, 399-411 (1926). 
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scale in enamels. It is particularly recommended for white or light- 
colored enamels of high quality or when large units of ware are 
being made. 

There are many good enamel clays of both domestic and foreign 
origin on the market. Some of these clays are carefully refined before 
marketing and some are ground to a powder and thoroughly mixed to 
improve the uniformity. 

Gums are used as floating agents in some types of enamels, partic- 
ularly those used for sign work or those designed particularly for 
resistance to acid solutions. Gum arabie and gum tragaeanth are most 
common, these being made up with water to a thin jelly and added as 
such to the enamels. These gums are objectionable in enamels which 
are stored for a long time, because nodules or lumps slowly form in the 
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0.44 
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slip. A trace of carbolic acid added to slips prevents bacterial action 
on the gums. 

Gums are frequently used to control the hardness of the enamel 
after it has been dried on the ware. Such control is important to the 
brushing operation, since enamel which does not dry hard enough 
becomes damaged, and enamel which dries too hard is difficult to brush 
off. The efficiency of the brushing operation is dependent on having 
the enamel of proper dry hardness. Gums in acid-resisting enamels 
are advantageous, because they do not lower the acid resistance, as clay 
does. The set-up of acid-resisting enamels is often difficult and in some 
cases the use of gums shows an advantage over clay for this reason. 
Ammonium alginate, which is closely related to the gums in its use for 
suspending enamels, is used in extremely small amounts and for some 
enamels seems to be superior to other materials. Bentonite is probably 
more closely related to the clays than the gums, since it is a highly 
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colloidal clay. It is not generally used alone, but in conjunction with 
clay. Because of its colloidal behavior smaller amounts of clay can be 
used. Sodium aluminate has also found considerable favor in suspend- 
ing enamels. 

Opacifiers. Both tin oxide and zirconium oxide are commonly used 
as opacifiers in the mill addition of white enamels, and in isolated cases 
small amounts of sodium antimonate and titanium oxide are used. A 
complete discussion of the theory of opacity is given in Chapter 3. 
Opacifiers added to the mill have less chance to dissolve in the enamel 
than those added in the raw batch before smelting. This aids in the 
conservation of the opaeifier, but must not be carried to excess or a 
mottled effect will result. It is almost universal practice in wet process 
enamels to use a frit having some opacity, and through the mill addi- 
tion bring the enamel to good quality. Zirconium oxide is seldom, if 
ever, used in the raw batch, and tin oxide is used in the raw batch only 
for dry process enamels or those of a special type. 

Tin oxide used as an opaeifier should be of the best grade available. 
It should be white to creamy white in color with very few dark specks, 
when observed under a microscope. It should not contain stannous 
oxide, which is black, nor metallic tin. A simple test will show the 
presence of these impurities, thus: place a small amount (about 25 
grams) of the tin oxide to be tested in a glass beaker and fill the beaker 
with water. Stir thoroughly and note any floating impurities; then 
pour off the suspended tin oxide, being careful not to disturb the 
residue. Eefill the beaker with water and repeat the process several 
times ; then examine the residue for black particles. Metallic tin and 
stannous oxide have a higher specific gravity than the stannic oxide, 
therefore they will tend to settle more rapidly than the stannic oxide. 
No dark particles should be found in the bottom of the beaker, when a 
good grade of tin oxide is tested. 

Commercial tin oxides vary considerably in their opacifying prop- 
erties in enamels, the best test being a trial with the enamel used. The 
opacifying properties of tin oxide are as much dependent on its 
physical properties as on its purity. 

Zirconium oxide is usually very free from harmful impurities, but 
it does contain considerable foreign material, which cannot be elim- 
inated in its preparation. Zirconium oxide of a good grade should not 
show dark specks when examined under a microscope and should 
contain a high percentage of zirconium oxide. Its opacifying power is 
best checked by a trial in a batch of enamel, for it is more satisfactory 
in some enamels than in others. It is always added at the mill, usually 
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in slightly greater amounts than is required of tin oxide. Since it 
produces a whiter color than tin oxide, a tin color zirconium oxide is 
now available in which a stain is used to give the cream color which is 
sometimes desired. 

Colors, The color materials added at the mill represent a wide 
range of possibilities, almost any color being available. Dark blues and 
blacks are, however, usually made from colored frits. 

The frits used for making colored enamels may be summarized as 
follows : 

1. Colored frits, 

2. White opaque frits, 

3. Transparent or nearly transparent frits. 

In general, it can be stated that pure dark colors are made by the 
use of colored frits, pastel tints by the use of white opaque frits, and 
opaque colors by semi-transparent frits. In wet process enameling the 
use of opaque frits is not uncommon, but in the dry process such frits 
cause a mottling effect, which is not generally desired. 

The making and particularly the matching of colored enamels 
requires experience, since there are no general rules which can be 
followed. Such variables as the composition of the frit, tie composi- 
tions and combinations of the color materials added, the milling, other 
mill additions, and the firing make almost every color an individual 
problem. 

In general, however, the addition of opacifiers or the use of white 
frits tends to induce the development of pastel tints. The opacifiers 
contribute a white color, which dilutes the other colors and conti^ibutes 
an opaque body to the enamel. Blacks often react with the other color 
oxides, but the shade is darker with increased amounts of black oxide. 

The blending of colors in enamels is often quite disappointing, as 
chemical reactions are likely to interfere with scientific color blending. 
Eed and yellow produce orange in most cases, but, until experience 
has been gained, such blending is guess work and must be supple- 
mented by trial and error experiments. After gaining experience, 
however, it is possible to blend many colors and match almost any 
desired color, shade, or tint. 

The composition of the frit further affects the color by its chemical 
reaction with the coloring materials. For example, a lead-bearing 
enamel may produce a dirty brown or green with red or yellow color 
oxides of the selenium type. Antimony compounds in the presence of 



TABLE 36 

The Compositions op Typical Stains, and the Amounts Used in 
Enamel Mill Batches 



Ref. Harrison and Hartshorn, J. Am. Ceram. Soc., 10, 747 (1927). 
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lead form yellow lead antimonate, and chromium may form lead 
chromate. Manganese, nickel, and iron are sensitive to the enamel 
composition, both alone and in the presence of each other. It is because 
of these facts that black is such a difS.cult color to produce uniformly. 

The degree of milling has an important influence on color, the color 
being more intense as the fineness increases. This fact requires very 
careful milling of color enamels, otherwise a considerable variation 
from one batch to another will exist. 

Some colors such as reds and blacks are very sensitive to the furnace 
atmosphere and most colors are afiected by the time and temperature 
of firing. 

Thickness of application is a factor of particular importance in 
transparent colored enamels, and often a source of annoyance. 

Pure color oxides, such as cobalt, chromium, nickel, and iron oxides 
are not generally added as a mill addition, because they are not then 
easily distributed through the enamel in a pleasing uniform manner. 
They require excessive grinding and do not give as strong a color, for 
the actual amount added, as they do, if they are used as stains. These 
stains, or ‘ ‘ color oxides ’ ’ as they are sometimes called, are calcines of 
mixtures of the pure color oxides plus fluxes or frits. They are 
carefully prepared to insure uniformity and are milled very fine. 

Although it is possible for the enameler to make his own stains, it 
is much more satisfactory for him to purchase them from someone who 
makes a specialty of their manufacture. The control is difficult, when 
conditions are at their best, therefore, unless these materials are used 
in very large quantities, the enameler does not make them. 

Table 36 gives the compositions of typical color stains and the 
amounts used as mill additions to produce different colors. In using 
these stains it should be remembered that the composition of the enamel 
often affects the color. 

Table 24 gives the compositions of dark blue and black frits, such 
colors being much more successful when smelted into the enamel. 

The enameler should be familiar with the principles of color, as 
outlined in Chapter 3. 

Electrolytes. Electrolytes are soluble compounds added to the mill 
batch to control the properties of the slip. Since enamel slips contain 
colloidal materials, such as clay, small frit particles, and the other fine- 
grained mill additions, they are quite sensitive to these electrolytes. 
Their action is described in Chapter 10. 
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They include such materials as borax, magnesium sulphate, sodium 
carbonate, and many other similar salts, which ionize, often forming 
buffer solutions. 

The electrolytes may be added either when the mill batch is made, 
toward the end of the milling operation, or after the slip has been 
removed from the mill. If added early in the milling, the slip does not 
drain as easily from the mill, but the fact that they are then thoroughly 
incorporated in the slip makes this practice the most common. At least 
part of the electrolytes are usually added when the mill batch is made. 



CHAPTER 10 

Application and Control 

An enamel slip is a complex system consisting of a suspension of 
several solid phases in one liquid phase. The solid phases vary in 
particle size from colloids to forty-mesh- material, including constit- 
uents such as frits, clay, opacifiers, and color oxides. The liquid phase, 
usually a water solution, may contain gum tragacanth, ammonium 
alginate, dextrin, or syrup and also electrolytes in the form of soluble 
salts, acids, or alkalies. The composition and properties of the solution 
affect the peptization of the colloidal solids, which, in turn, affect the 
suspension of all of the solid phases present. 

PHYSICAL AND CHEMICAL CONSIDERATIONS 

Although a slip has some of the properties of a liquid, it also has 
some of the properties of a solid and, therefore, it does not follow the 
simple laws of either. Its physical properties are subject to such 
phenomena as adsorption, peptization, common ion effect, chemical 
reaction, temperature changes, and pressure changes. 

It is probable that adsorption plays an important role in these 
slips, the clay and frit actually adsorbing salts from the liquid phase. 
The effect on color, dispersion of the solids, interfacial tension, and 
particle adherence are undoubtedly related to this phenomenon. 

The flocculation and deflocculation (peptization) of the colloids 
by soluble salts, acids, or alkalies control the suspension, not only of the 
colloidal material, but also the non-colloidal particles. The yield value 
and the mobility are affected by the peptization of the colloids. 

The common ion effect controls the amount of ionization of some 
compounds and to a certain extent the solubility. The buffer action of 
compounds, such as borax, controls this phenomenon, keeping the 
hydrogen ion concentration the same, even though appreciable changes 
are made in the system. Borax dissolves in the mill liquor, but it ionizes 
only to a certain extent, depending on the Na" and BOg""" ions present 
in the solution. If these ions are removed, the borax ionizes to replace 
them and, if more are added, the ions combine to form borax in 
solution. Since the peptization of the solution is dependent on the free 
ions, borax acts as a buffer, which within certain limits keeps the degree 
of peptization constant. Since Na"" in water forms a strong base and 
the BOg""" a weak acid, the resulting solution is alkaline and high in 
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OH" ions and, therefore, the pH value of the solution is also controlled 
by this buffer action. Although it is true that enamel slips can undergo 
great changes in properties without undergoing any 'change in pH 
value, it is also true that certain physical properties may be greatly 
affected by the hydrogen ion concentration. 

These variable conditions can be controlled to a certain degree, but 
the usual method is rather to c6ntrol the properties of the slip itself, 
as will be explained later in this chapter. Different enamels set up such 
different conditions and behave in such characteristic manners as to 
make the prediction of the properties of a slip uncertain. 

Suspending Agents. The properties of the clay used for suspending 
an enamel frit are an important consideration, but the only reliable 
method of determining the suitability of a clay for an enamel slip is 
by an actual trial in such a slip. An enamel clay should be plastic, 
since the plastic clays have a much greater suspending power than 
those of low plasticity. It is usually desirable to add as little clay as 
will serve the purpose, because clay increases the refractoriness of the 
enamels and reduces the resistance to solution by acids. The special 
clays such as bentonite, which have very high plasticity, are sometimes 
used, but they have not met with very great favor. An enamel clay 
should be fairly pure and should not contain much free organic 
material, iron compounds, or soluble salts. It should burn to a light 
color without dark specks. There are many enamel clays on the market, 
but the choice depends largely on a trial test with the enamel to be 
used. Besides the property of suspending the enamel, the clay must 
give the dried slip an adherence to the ware and a hardness which 
permits handling. Some clays fulfilling the above properties are, 
however, not suitable for enamels because of the tendency to cause the 
enamel to pinhole and blister on firing. A large excess of clay causes 
cracking of the enamel in drying, and too little clay results in a dusty 
coating, which will not withstand the ordinary abuse of handling the 
ware. 

The use of gums and other organic materials to suspend enamel 
frits is usually limited to special types. In the sign industry, gum 
arabie is common, although even here it is not universally used. It 
aids in strengthening the dry enamel, so that stencil brushing does not 
damage the coating. 

When gums are used, they are ordinarily boiled with water to 
make a gel, and this gel is added to the enamel batch. The addition 
of the dry gum would result in too slow absorption by the slip and 
possibly result in some of the gum never being absorbed at all. 
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Such materials as clay, gum arabic, dextrin, milk, ammonium 
alginate, and syrup act physically to keep the frit particles in suspen- 
sion. They tend to make up a skeleton, in which the frit is enmeshed. 

Another group of materials, which has more of a chemical action, 
is the electrolytes which either alone or more commonly with clav 
bring about the suspension of the enamel frit. Some of these electro- 
lytes such as the salts of magnesium, calcium, and barium, tend to 
form gelatinous compounds which assist by means of their physical 
characteristics. Other salts such as borax form buffer solutions which, 
by this means, control the alkalinity of the solution, thus influencing 
the suspension because of their peptizing action on the colloidal 
material present. Acids act directly on the frit, causing it to stay in 
suspension fairly well, even in the absence of clay. 

Solubilities of Frits. Different frit compositions behave differently 
with respect to the effect of their treatment, so that no set rules can 
be laid down for the control of enamel slips. The variations in the 
solubilities of the frits are the chief cause of these differences, although 
the other factors already mentioned have their own specific influences. 
Some enamel slips improve with aging, while others become contin- 
ually worse. 

While Staley ^ and Poste ^ pointed out that the work of Mayer ® and 
Ashley * on glaze suspensions was also applicable to enamel slips, more 
recent work by Cook,® Danielson,® and Cooke ’’ has added a great deal 
to our knowledge of this subject. Table 37 shows the solubilities of ten 
typical sheet iron enamels, as reported by Danielson. In this study, he 
used ten pounds of frit milled to 150 mesh (2-4 gram residue) with 5 
per cent clay, 6 per cent tin oxide, 0.25 per cent magnesium carbonate, 
and 42 per cent of water for two and one-half hours. The slip was 
then aged for twenty-four hours and fifty cubic centimeters of the 
mill liquor was taken and analyzed. 

The results show that an enamel slip contains an appreciable 
amount of soluble materials, among which sodium oxide and boric 

P, Staley, Materials and Methods Used in the Manufacture of Cast Iron Wares. 
Bureau of Standards, Tech. Paper, No. 142, p. 75. 

^E. P. Poste, Analysis of Suspensions of Enamels, J. Am. Ceram. Soc., 9, 232 (1925). 

® Arthur Mayer, A Peculiar Property of Some Glazes, Trans. Am. Ceram, Soc., 11, 369 
(1909). 

* H. C. Ashley, Control of Colloidal Matter in Clay, Bur. of Standards, Tech. Paper, 
No. 23, p. 102. 

®H. L. Cook, Some Observations on the Aging of Enamels, J. Am. Ceram. Soc., 10, 
334 (1927), and Note on the Solubility of Enamel Frit in Mill Water, J. Am. Ceram. Soc., 
10, 339 (1927). 

R- Danielson, Effects of Soluble Salts on the Properties of Enamels, J. Am. Ceram. 
Soc., 12, 538 (1929). 

D. Cooke, A Study of Soluble Salts in Enamels, J. Am. Ceram. Soc., 13, 658 (1930). 
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oxide are the most conspicuous. Since these two oxides do not exist 
together in solution without combining to form borax, it is evident that 
borax is actually present. A comparison of the enamel compositions 
and the analyses of the mill liquors indicates that the solubility 
increases with an increase of boric oxide and also with a substitution 

TABLE 37 


Composition and Solubility op Some Typical Sheet Iron Enamels 
Melted Composition 


Enamel 

Feldspar 

FUnt 

Boric 

Oxide 

Sodium 

Oxide 

i 

Cryolite 

Fluorspar 

Sodium 

Anti- 

monate 

Zinc 

Oxide 

1 

30 

20 

11.7 

8.3 

15.0 

7 

8 

0.0 

2 

30 

20 

11.7 

8.3 

12.5 

7 ’ 

8 

2.5 

3 

30 

20 

8.7 

8.3 

12.5 

7 

8 

5.5 

4 

20 

30 

8.7 

8.3 

12.5 

7 

8 

‘ 5.5 

5 

30 

23 

8.7 

8.3 

12.5 

4 

8 

5.5 

6 

23 

30 

8.7 

8.3 

12.5 

4 

8 

5.5 

7 

30 

21 

8.7 

10.3 

12.5 

4 

s i 

5.5 

8 

21 

30 

8.7 

10.3 

12.5 

4 

8 

5.5 

9 

27 

21 

8.7 

10.3 

12.5 

4 

8 

8.5 

10 

21 

27 

8.7 

10,3 

12.5 

4 

8 

8.5 


Solubility (10 cc. Milij Liquor Contained in Grams) 


Enamel 

Sodium 

Oxide 

Boric 

Oxide 

Equiv- 

alents 

Borax 

Excess 

Sodium 

Oxide 

Sodmm Oxide- 
Boric Oxide 
Ratio 

1 

0.0241 

1 0.0161 

0.0439 

0.0170 

1.50 

2 

0.0252 

0.0164 

0.0447 

0.0180 

1.53 

3 

0.0158 

0.0100 

0.0273 

0.0114 

1.58 

4 

0.0195 

0.0100 

0.0273 

0.0151 

1.95 

5 

0.0140 

0.0099 

0.0270 

0.0096 

1.45 

6 

0.0148 

0.0106 

0.0289 

0.0101 

1.40 

7 

0.0133 

0.0078 

0.0212 

0.0099 

1.70 

8 

0.0136 

0.0089 

0.0242 

0.0097 

1.53 

9 

0.0146 

0.0089 

0.0242 

0.0107 

1.64 

10 

0.0149 

0.0100 

0.0273 

0.0105 

1.49 


of zinc oxide for part of the boric oxide. It was also found on substitut- 
ing feldspar for quartz that an increase of alumina results in a 
decrease of solubility. In drying enamel No. 1, small crystals of borax 
and other soluble salts separated out, causing pitting of the enamel 
surface on firing. 

In comparing plant and laboratory conditions, Danielson showed 
the results given in Table 38. 
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It is evident from these results, as would be expected, that with the 
longer milling time and the increased temperature of commercial 
milling, the solution of the enamel was much increased. It should also 
be noted that the amount of NajO dissolved almost trebled, and that of 
the boric oxide almost doubled, the former values. It was further 
shown, however, that under plant conditions pitting did not result 
when the soluble salts amounted to as much as twice that in this enamel. 

In studying wet process cast iron enamels, Danielson found that 
the solubilities were greater, which he attributes to the lower silica and 
alumina contents and the increase in the content of lead and barium 
oxides. 

The aging of enamels was shown to increase the amount of dis- 
solved material, but the rate of solution of the different oxides varied 

TABLE 38 

Effect of Milling Conditions on Solubility of an Enaaiel 


Time of grinding (in hours) 2^4 8 

Fineness test, grams of residue on 150-mesh screen (275 ce. 

enamel) 3.50 2.75 

Sodium oxide, g. per 10 ce. mill liquor 0.0130 0.0370 

Boric oxide, g. per 10 ec. mill liquor 0.007S 0.0150 

Borax, g. per 10 ec. mill liquor 0.0211 0.0409 

Excess sodium oxide, g. per 10 ee. mill liquor 0.0096 0.0304 

Sodium oxide-horie oxide ratio 1.67 2.47 


with, the time. This variation may partially explain why some enamels 
improve with aging, while others deteriorate. If the boric oxide 
increases, the enamel retains its set, but if the soda increases greatly, 
the enamel loses its set. An excess of boric oxide results in an enamel, 
which, although its set is satisfactory, tends to tear and crawl on firing. 
With an excess of both soda and boric oxide, there is a tendency for 
borax to crystallize when the enamel is drying, thus causing pitting in 
the fired ware. The limits for soda and for boric oxide in the mill liquor 
have to be determined for the particular enamel and the conditions 
under which it is used. 

It is evident from this work, and also that of Cooke, that the soluble 
salts are of great importance in setting up enamels. The choice of an 
electrolyte depends largely on the soluble salts occurring naturally in 
the enamel batch. Cooke found that salts, in general, when not in the 
presence of other dissolved salts, do not set up enamels, the mineral 
acids being the only electrolytes which will function under these 
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conditions. He believes that there is a certain amount of chemical 
reaction in the slip, such as is illustrated by the equation : 

MgSO^ + Na^COs = Na^SO, + MgCO, 

This equation illustrates the effect of an addition of magnesium 
sulphate to an enamel which has absorbed carbon dioxide from the 
air and formed sodium carbonate as a soluble salt in the miU liquor. 

Soluble salts have another function in enamel slips besides that of 
setting up the enamel ; they may either promote or prevent rusting. 
In the granite ware industry, this is very important, as is discussed 
under that type of ware. In other ware, rusting is undesirable. Cooke* 
states that sodium carbonate, sodium sulphate, sodium fluoride, sodium 
chloride, and sodium nitrate have little or no effect on rusting, while 
cobalt sulphate, sodium ^thiosulphate, sodium sulphite, magnesium 
sulphate, and acids have the effect of promoting the formation of 
rusting. Borax, sodium persulphate, sodium nitrite, and sodium phos- 
phate inhibit rusting. Sodium nitrite has little effect on the set, but, 
in amounts as low as 0.04 per cent of the frit, it inhibits rusting. 

The study of soluble salts in enamel slips will probably never be a 
closed chapter, because there is so much to be learned about this 
important subject. For fhe present, it is well to consider the existence 
of the salts and use the best methods available to control the enamel slip 
by testing its various properties. 

Although the proper and uniform milling of an enamel is essential 
to good application, this is only one of the phases of the preparation of 
wet process enamels. The properties of enamel slips change with aging, 
the results depending on such factors as time, temperature, the compo- 
sition and fineness of the frit, the purity of the water, and the mill 
additions. The aging starts with the milling and continues until the 
enamel is applied to the ware and dried. 

Dry process enamels are ready for application when they have 
been satisfactorily milled and checked by firing on sample pieces. 

CONTROL OF ENAMEL SLIPS 

For many years the enameler had no means of accurately deter- 
mining the properties of his slip. By dipping his fingers into the 
enamel and watching it drain and set, he was able to tell fairly well 
whether it could be worked or not, but he could only guess as to a 
remedy if the slip was not right. He was not familiar with the 
different properties of a slip and, as a result, was forced to judge only 
from general appearances. In this he did very well, but was often 

*E. B. Oooke, j. Am. Cerasm. Soc, ». 6«1 (1930). 
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forced to use slip whicli was far from right, because he could not always 
correct it by the eut-and-try method. 

The determination of the weight per unit Yolume soon became a 
common test, for it gave him some idea of the water content and how 
it could be corrected. He also found that, by drying a weighed sample 
of the enamel and reweighing it dry, he could determine the water 
content, but this test was slow and not commonly used. 

Mobility of Enamel Slips. Many early attempts were made to 
determine the consistency of the enamel, but most of these were based 
on the assumption that an enamel slip behaved like a liquid and not 
like a solid. In 1917 attempts® were made to study the properties of 
enamel slips by determining the rate of flow through two different- 
sized tubes. It was assumed that the ratio of the quantity which flowed 
through the larger tube to that which flowed through the smaller tube 
in a given time was proportional to the viscosity. Enamel slips, how- 
-ever, do not behave like ordinary liquids and these results did not help 
the enameler in his problem. 

In 1924 Cooke applied the principles pointed out by Bingham 
to enamel slips. Bingham showed that plastic materials under different 
conditions of pressure and sizes of capillaries have different rates of 
flow because a certain amount of force is required to start the flow of 
such materials. This amount of force required to start the flow was 
called the yield value and the rate of flow was called the mohility. 
Cooke, in his work, showed that enamel slips fell into this class of 
materials. 

Consistency of Slips. The apparatus used, called a consisf&meter, 
consisted of a burette with a capillary tube in the bottom. The burette 
was water jacketed to keep it at a known temperature, the jacket being 
connected to a thermostatic bath. The test was made by flilling the 
burette with the enamel slip and allowing it to run out through the 
capillary tube. The rate of flow was determined with a stop watch by 
taking the times required for the level of the slip to pass through the 
successive ten cubic centimeter segments along the height of the tube. 
The rate of flow was then calculated for the different segments. The 
static pressure was also calculated at these levels and the results were 
plotted as shown in the graph. Figure 75. The vertical axis represents 
the rate of flow and the horizontal axis, the pressure. 

• J, B. Shaw, American Clays for Floating Enamels, Trans. Am. Ceram. Soc., 19, 349 
(1918). 

^ R. n. Cooke, The Plastic Properties of Enamel Slips, J. Amer. Ceram. Soc., 7, 651 
(1924). 

“ E. C. Bingham, Fluidity and Plasticity, McGraw-Hill (1922). 
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The points on such a graph fall in a straight line. This line, 
however, when extrapolated to zero rate of flow does not intersect the 
zero point on the pressure axis, as it would if the slip were a true 
liquid. The force indicated by this intersection represents the yield 
value for the slip under the conditions of the test. This force is the 
minimum pressure required to start the flow through the capillary. 
The slope of the line indicates the mobility or fluidity of the slip, a 
steep slope indicating high mobility and a gentle slope low mobility. 
The yield value should be such that the proper thickness of enamel will 



Figure 75. Consistometer Curves. 


not flow on the ware. If too great, the enamel is commonly said to be 
short. A high mobility is desired, because the enamel then flows freely 
when above its yield value. 

Cooke showed by means of these tests that : (a) an increase in tem- 
perature increased the mobility without changing the yield value, 
(b) an increase of the water increased the mobility and decreased the 
yield value somewhat, (e) an increase of the clay content increased 
the yield value without changing the mobility, and (d) an addition 
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of magnesium sulphate raised the yield yalne without materially 
changing the mobility. 

This work which showed such great promise as an aid to the 
enameler was continued by W. N. Harrison of the Bureau of Stan- 
dards. Except for minor changes Harrison used the same kind of 
equipment as that of Cooke. The work was more refined and was very 
carefully controlled. The following directions for calculating the 
results are from Harrison : 

Calculation of Results. In order to obtain the various average rates of flow 
for different average heights of the slip in the apparatus, it is necessary only to 
divide the volume of material which flows between observations by the time 
required. In order to obtain the corresponding shearing stresses, which are 
plotted against rates of flow, it is necessary to consider the average height of the 
slip in each particular interval, its density, and the dimensions of the capillary. 
The shearing stress, expressed in dynes per square centimeter and designated by 
the symbol P, equals 

RhDg 

2L 

R = radius of capillary in cm (computed from the weight of mercury held 
by the tube at a known temperature) 

L == length of capillary in cm (measured with a vernier caliper) 

D = density of slip in grams per cubic centimeter (obtained with a pycno- 
meter) 

h = average effective height of slip in centimeters 
g = gravitational const, = 981 

Although greater precision can be obtained by taking into consideration 
internally consumed kinetic energy and surface tension, it is not probable that 
these values affect the accuracy of the results. 

The results of a typical set of determinations are shown in Table 39. 

These results show that the mobility is only slightly affected, if at 
all, by aging, since the lines all have about the same slope. The yield 
value (the distance of intersection from the zero position on the force 
axis) however, is decreased by aging. Thus, an enamel which has aged 
will require no additional water, but may need to have an electrolyte 
added, which will increase the yield value to that required by the work. 

Plant Consistometer. To make this test applicable to plant control, 
it has been much simplified, as follows : Since the plant operator is 
interested in the properties of his slip at the temperature at which he is 
to use it, the tests should be made at that temperature. This condition 
greatly facilitates the simplification of the apparatus in that it elim- 
inates the necessity of the water jacket and thermostatic control. The 
factory apparatus devised by Harrison is shown in Figure 76. 

^W. N. Harrison, Controlling the Consistency of Enamel Slips, Bureau of Standards, 
Tech. Paper, No. 356, also J. Am. Ceram. Sac., 10, 970-94 (1927). 



^ , , Mean hydra- Rate of Plow Shearing 

6 guhic Distance in Arithmetic hmds Time OF Flow Cubic Centimeters Stress 

centimeter centimeters average corrected for m Seconds , per Second . RhDj 

marks from, ootlom heads surface tension r — 



RDg 

0.0812 cm. D = 1.644 L = 12.75 cm. = 5.14 
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This apparatus can be constructed in any plant, inasmuch as the 
dimensions need not be strictly adhered to, but, once an apparatus is 
adopted, all comparisons should be made with the same apparatus, 
unless the corrective factors are considered. In normal plant tests, it 
is not necessary to calculate the force to dynes, but merely plot the 
average heights of the liquid column where the rates of flow are 
determined. 


The calibration of the apparatus is also simple. 
A mark is scratched on the tube to establish the 
height of the upper end of the capillary tube, 
which should be about one inch above the rubber 
stopper. From this point ten cubic centimeter 
intervals should be determined by adding ten 
cubic centimeters of water at a time, until the 
tube is calibrated over its entire length. The 
distances from these points to the top of the 
capillary tube can then be measured with a rule 
and used as the values for the force axis. 

Such a tube as the one described can be used 
for a wide variety of slips, the upper part being 
most suitable for thick slips and the lower part 
for thin slips. An average slip can be tested over 
the entire length. It is not usually necessary to 
take more than three or four points to establish 
the position and slope of the consistency line 
accurately, therefore the test is reasonably rapid. 

Table 40 shows the results which were ob- 
tained by Harrison in his plant study of the 
ordinary tests made on enamel slips. 



Figure 76. 
Plant Type Consisto- 
meter. 


The Gardner Mobilometer. Another instrument which has become 
very popular for the determination of the mobility and yield values of 
enamels is the Gardner mobilometer.^^ This instrument is illustrated 
in Figure 77. 

The principle upon which the Gardner mobilometer operates is 
that of forcing a disk down through the slip, which is contained in a 
cylinder. The force is controlled by loading the disk with known 
weights and the rate of movement is timed with a stop watch. .Sw'ard 
and Stewart’s description of the test is as follows : 


“ G. G. Sward and J. A. Stewart, Educational Bureau American Paint and Varnisli 
Manufacturer’s Association, Circular, No. 294. 
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The instrument consists essentially of a cylinder supported by a base plate, a 
plunger or piston, and a bracket to support the plunger. The plunger consists of 
a disk with 51 perforations mm.) in diameter, and a weight 

pan attached to upper end of a brass tube. Two supplementary disks, which greatly 

TABLE 40 

COKSISTOMETER. TeSTS MAI>E AT PlANT PEODirCIN-G SHAPED WARE 


Kind of enamel and 
condition 

Set, or draining 
period, seconds 

Weight per 
Unit Area 

Yield 

Value 

Mobility 

Specific 

gravity 

Water 

cent 

Per 

lis 

Ounces 
per square 
foot 

Grams 
per square 
meter ^ 

Relative 

units 

Standard- 
ized units 

Relative 

units 

Standard- 
ized units 


White, ready for delivery 

20 

6.4 

1,950 

21.5 

130 

0.133 

0.113 

1.918 

24.0 

81 

White, heavy 

34 = 

7.5 

2,290 

30.0 

181 

.108 

.090 

1.921 

23.8 

83 

Same, water added 

20 

6.4 

1,950 

21.6 

135 

.188 

.164 

1.892 

25.2 

82 

Same, more water added 

21 

4.0 

1,220 

16.0 

85 

.253 

.206 

1.872 

26.0 

32 

Same, salts added 

18 

6.0 

1,830 

22.0 

133 

.251 

.216 

1.872 

26.0 

82 

Same, stood overnight 

21 

5.2 

1,590 

20.0 

117 

.211 

.179 

1.880 

25.4 

77 

White, from dipping table 

24 

8.5 

2,590 

27.7 

172 

.107 

.085 

1.942 

23.0 

76 

Same, water and salts 











added 

20 

7.2 

2,200 

26.0 

155 

.186 

.158 

1.892 

25.2 

76 

Same, more water and 











salts added 

16 

7.7 

2,350 

27.0 

165 

.272 

.234 

1.858 

26.7 

76 

Same, stood two hours 

16 

7.0 

2,140 

24.3 

146 

.247 

.213 

1.858 

26.7 

78 

Limits 

16 - 

4 . 0 - 


16 . 0 - 

85 - 

. 107 - 

. 085 - 


23 . 0 - 

76 - 


34 

8.5 


30.0 

181 

.272 

.234 


26.7 

83 

G-round coat, heavy 

11 

5.2 

1,590 

18.8 

100 

.584 

.579 

1.636 

36.5 

79 

Same, water added 

13 

3.3 

1.010 

14.0 

70 

.708 

.707 

1.610 

38.1 

78 

Same, salts added 

9 

4.6 

1,400 

17.3 

93 

.718 

.733 

1.610 

38.1 

78 

Ground coat, heavy 

12 

4.2 

1,280 

15.5 

83 

.592 

.594 

1.643 

36.1 

78 

Ground coat, as used 

10 

4.8 

1,460 

18.2 

96 

.661 

.669 

1.621 

37.3 

82 

4( 14 a (< 

10 

4.2 

1.280 

17.3 

93 

.650 

.660 

1.631 

36.7 

82 

a it n a 

10 

4.3 

1,310 

16.9 

88 

.775 

.790 

1.600 

38.7 

81 

(1 4i << a 

10 

4.2 

1,280 

17.7 

92 

.708 

.722 

1.621 

37.3 

80 


10 

4.6 

1,400 

17.7 

96 

.708 

.722 

1.630 

36.8 

80 


9 

4.6 

1.400 

18.1 

97 

.636 

.638 

1.650 

35.6 

80 

Limits 

9 - 

3 . 3 - 

1 , 010 - 

14 . 0 - 

70 - 

. 584 - 

. 579 - 

1 . 600 - 

35 . 6 - 

79 


12 

5.2 

1,590 

18.8 

100 

.775 

.790 

1,650 

38.7 

82 

One coat gray, as used 

11 

7.7 

2,350 

26.3 

151 

.438 

.403 

1.767 

28.9 

74 

a H 4* <4 44 

11 

7.7 

2,350 

23.3 

137 

.387 

.366 

1.773 

28.6 

74 

44 44 ti (4 44 

13 

7.9 

2,410 

31.6 

173 

.282 

.235 

1.807 

26.8 

75 

41 44 44 44 44 

10 

8.0 

2,440 

27.6 

163 

.397 

.379 

1.773 

28.6 

76 

41 44 44 44 44 

13 

6.7 

2,040 

24.0 

142 

.273 

.240 

1.835 

25.4 

80 

41 44 4 4 4 4 4 4 

10 

7,7 

2,350 

25.2 

147 

.361 

.341 

1.775 

28.4 

76 

<4 44 44 44 14 

10 

10.4 

3,170 

39.0 

224 

.268 

.240 

1.794 

27.4 

76 

44 44 44 44 44 

12 

7.6 

2,320 

27.2 

157 

.273 

.240 

1.818 

26.2 

77 

44 <4 <4 41 44 

13 

7.2 

2,200 

24.7 

144 

.332 

.297 

1.799 

27.2 

77 

44 44 4 i 14 44 

12 

6.6 

2,010 

25.6 

143 

.343 

.303 

1.796 

27.3 

78 

Limits 

10 - 

■ 6 . 6 - 

2 , 010 - 

23 . 8 - 

137 - 

■ . 268 - 

. 240 - 

1 . 767 - 

25 . 4 - 
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13 

10.4 

3.170 

39.0 

224 

.438 

.403 

1.835 

28.9 

80 


^ Figured to nearest 10 g. even. 

extend its range, axe supplied with the instrument. One is solid, the other has 
four holes 6.25 nun. diameter. 

The weight of the moving system, which includes the disk, connecting tube, 
weight pan and lead shot in the hollow connecting tube, is 100 grams. In many 
cases it is desirable to use different loads on the plunger and express the results 
as a load-time curve. 
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The cylinder is filled to a depth of 20 em. with the material to be tested. The 
cylinder is leveled by means of the adjusting screws. The disk end of the plunger 
is then introduced into the cylinder and the bracket attached. The time required 
for two marks 10 cm. apart on 


the stem of the plunger to pass 
through the collar is then re- 
corded. Some operators may 
prefer to use a greater length 
of travel. This is easily done 
by making the required marks 
on the stem. The marks have 
previously been located, so that 
they pass through the collar of 
the bracket as the disk passes 
through the mid portion of the 
cylinder. Thus the plunger is in 
motion both at the beginning 
and end of the interval. 

In performing the test, the 
piston is raised so that the low- 
er mark on the rod is a few 
centimeters above the collar. 
The material adhering to the 
stem should be wiped off. This 
can be done with the thumb 
and forefinger of one hand, 
while the plunger is being with- 
drawn from the cylinder with 
the other hand. 

Several loads are used 
and the results plotted as 
shown by the diagram in 
Figure 78. 

Straight lines should be 
obtained when the points 
are plotted, otherwise the 
yield value and mobility 
would be indicated as var- 
iable quantities. If the 
lines are not straight, it in- 
dicates that too small loads 
have been employed or 



that the test has been in- Figtjke 77. Mohilometer. 


accurately made. 


As in the use of the consistometer, the slopes of the lines indicate the 


mobilities, and the intersections on the force axis the yield values. 
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Specifications for the standard Gardner mobilometer as given in 
Table 41 : 


TABLE 41 

Specifications for the Standard Gardner Mobilometer 


Internal diameter of cylinder = 3.9 cm. ] Chromium 

Length of cylinder = 23.0 cm. |*plated 

Thickness of cylinder wall == 1.0 mm. j brass 


External diameter of piston 

Length of piston 

Internal diameter of support bearing. 


Diameter of weight pan 

Length of each side of triangular base.. 
Thickness of triangular base 

Number of perforations in regular disk.. 
Diameter of drilled perforations in disk 

Diameter of all disks 


= 6.5 mm.^ 

= 51.0 cm. jBrass tubing 


= 7.0 


1 Nickel plated 
■J brass 


) Sheet 

6.5 cm. 

brass 


= 25.4 cm. 
= 6.0 mm. 

= 51 ^ 

= 1.59 mm. 

(Mein.) 

= 3.8 cm. 


Sheet iron 


>Brass 


In the use of either the consistometer or the Gardner mobilometer 
a fresh sample of the enamel is necessary for each test, because variable 
results will be obtained, if the same slip is used repeatedly. This effect 
is probably caused by thixotropy brought about by the mechanical 
agitation of the slip. Thixotropy is a reversible sol-gel transformation, 
in which the gel can be liquified and thus changed to the sol condition 
by mechanical agitation.^^ 

Test for Weight Per Unit Area. A test which has proved to be 
very popular and useful in the industry is that of determining the 
weight of enamel remaining on a plate of metal dipped into it, then 
withdrawn, and allowed to drain. This is a simple test simulating the 
actual dipping of the ware and is, therefore, particularly useful in the 
control of ground coats. Usually a piece of sheet iron measuring 
12 X 24 inches or 12 x 12 inches is used for this test. The former on the 
two sides exposes four square feet and the latter, two square feet of 
surface. By drawing such a plate through the enamel and allowing it 
to drain in a vertical position, the resulting weights can be duplicated 
quite accurately. In shop practice the 12 x 24 inch plate is considered 
as two square feet and is reported for example as 4^ ounces per 
2 sq. ft. wet or 2^ ounces per 2 sq. ft. dry, but this really amounts to 

L. McMiHem, Jour. Rbeol, 3, 75 (1932). 
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four square feet, since both sides are coated with enamel. The results 
of this test are in good agreement with the yield value, but are not quite 
as accurate a determination of this property. Since they so closely 
simulate actual service conditions, however, they are valuable as a 
control of enamel slips for slushing purposes. 

Rate of Set. The rate of set is another property often measured 
in controlling enamel slips. Every enameler has watched the phe- 
nomenon taking place after a plate of metal has been dipped into the 



Figure 78. Mobilometer Curves. 

slip. The enamel runs off the piece very freely until a certain thickness 
is reached, when it actually sets very suddenly. This set begins at the 
top and proceeds as a wave across the piece. 

The determination of the rate of set consists of measuring, by 
means of a stop watch, the time required for the set to take place, after 
the plate is withdrawn from the slip and placed on the rack. This 
time of set varies over a fairly wide range and is in fair agreement with 
the mobility measurements. Thus, a slip of high mobility drains 
quickly and one of low mobility drains slowly. 

Summary of the Control of Slips. The control of the consistency 
of enamel slips depends upon such fundamental factors as : 

(a) The amount and kind of colloidal matter in the slip. This 
colloidal material is made up of clay particles, frit particles, opacifiers. 
color oxides, or other materials added to the slip. The amount of 
colloidal material depends upon the degree of milling and the amount 
of the colloidal mill additions. 
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(b) The degree of flocculation of the colloidal matter in the slip. 
This depends upon the amount and kind of salts present in the slip, 
including that due to solution of the frit, mill additions, or added 
electrolytes. Aging aflects these conditions in that it allows time for 
solution to progress. 

(c) The amount of water in the slip, which has primary inflnenee 
on the mobility. 

(d) The size and specific gravity of the particles, which must be 
suspended by the colloidal material. 

These factors influence the suspension and consistency of a slip, 
not individually, but as a group, one depending on another. The 
development of a high yield value, for example, depends not only on 
the kind and amount of soluble salts present, but also on the colloidal 
content. If the colloidal content is low and sufficient electrolytes are 
added to flocculate it completely, a further addition of electrolytes does 
not bring about an increased yield value. 

If the slip contains a large amount of water, the colloidal content 
must be increased to make possible the formation of a colloidal struc- 
ture which will suspend the frit particles. In general, the larger the 
amount of water, the greater the content of clay needed to suspend 
the enamel. Likewise, if the frit is coarsely milled, it is more difficult 
to keep it in suspension. For this reason the colloidal content and 
flocculation must be greater for a coarse frit than for a finely ground 
enamel. An understanding of these properties of slips is necessary to 
an intelligent control, for the factors involved are numerous and since 
they change in presence of one another no set rules can be laid down 
for the adjustment of all slips. 

It may be useful, however, to summarize briefly the more general 
principles of controlling the slip. 

(a) The yield value is increased by an increase of clay content or 
the use of a more colloidal clay, by an increase of electrolytes of the 
proper kind (depending on the soluble salts already present in the slip) 
and by finer grinding. 

The yield value is decreased by aging, by decrease in the clay 
content, and by coarser milling. 

(b) The mobility can be increased by increasing the water content, 
or lowered by decreasing it. 

(c) The set of an enamel can be controlled in the same manner as 
the yield value. 

(d) The time of set can be controlled in the same manner as the 
mobihty. 
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In general, the control of enamel slips is facilitated by uniform 
milling, mill additions, and aging, leaving a minimum adjustment for 
the slip when it is ready for use. 

THE APPLICATION OF ENAMELS 

The proper application of enamels is an extremely important 
operation for the success of the subsequent operations depends very 
much on it. Both the ware and the enamel have reached a stage in 
manufacture where they have acquired a considerable value, due not 
only to the material but to the work which has already been put on 
them. In general, an enamel should be applied as thinly as possible to 
obtain a complete, uniform, and good covering. Enamels of excessive 
thickness are usually weak mechanically and are, therefore, more likely 
to be damaged by bending the iron or by mechanical blows. An excess of 
enamel is a waste of enamel and it requires a longer or harder tiring to 
melt it down to a good gloss. 

A uniform thickness of an enamel coating is stronger and looks 
better than one that is irregular. Even with opaque enamels, variations 
of thickness affect the color and aggravate chipping or crazing. An 
enamel applied in a wavy condition is often wavy in the finished ware. 

THE METHODS OF APPLICATION 

Enamels may be applied to the metal in a number of different 
ways, depending on the requirements and conditions of the individual 
cases. Sheet iron ground coats are generally applied by dipping or 
slushing, since the ware is usually to be coated with the ground coat on 
all sides. Dipping is an operation in which the metal blank is immersed 
in the enamel slip and then withdrawn and allowed to drain. If the 
metal article is small and has a simple shape, this is not usually 
difficult, although practice is required. If, however, an article such as 
a refrigerator lining is to be dipped, it must be rolled through the 
enamel slip, so that all parts are coated, and then raised and drained 
in various positions to give a uniform coating. It is necessary to make 
a study of the dipping of such ware and by many trials arrive at the 
most efficient method of handling each piece. 

Slushing differs from draining in that the enamel slip is thicker and 
must be shaken from the ware. It is convenient for small odd shaped 
pieces, such as kitchen ware, and is used extensively for such work. 

Sheet iron cover enamels are not usually dipped or slushed, but in 
some cases where the cover is to be applied on all sides of the shape 
these methods are employed. 



272 


ENAMELS 


Dry process cast iron ground coats may be either dipped, slushed, 
or sprayed. In this work the ground coat is very thin and watery, since 
it must be applied as an extremely thin coating. 

FIGURE 79 

Flow Sheet tor the Application of Sheet Iron and Wet Process 
Cast Iron Enamels 
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The dipping of cast iron is similar to that for sheet iron, but 
slushing here consists of pouring the enamel slip over the casting and 
allowing the excess to run off. In aU these methods of application the 
ware must be absolutely clean, inasmuch as any grease, dirt, or 
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perspiration will cause the enamel slip to flow uneyenly and possibly 
prevent good adherence in the dry condition. 

Spraying is the application of enamel slip to ware by atomizing it 
through an air gun, whereby the fine spray impinges on the ware. It is 
used for most sheet iron cover enamels and wet process cast iron 


FIGURE 80 


Flow Sheet for the AppLicATioisr op Dry Process Cast Iron Enamels 
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enamels, and has the advantage of coating only the part of the ware 
which is exposed. When the ware is large or difficult to handle, even 
ground coats may be sprayed, as for example, east iron tubs or large 
steel tanks. 

In dry process cast iron enameling, the dusting process is used for 
the cover enamels. The ground coated castings are heated to the 



274 


ENAMELS 


enameling temperature and, ^vlien removed from the furnace, the dry 
enamel powder is dusted through sieves onto the hot ware. The enamel 
sinters into place and, when the ware is returned to the furnace, it 
melts down to a smooth surface. This process is usually repeated 
several times, but, in some cases where a very fusible enamel is used, 
one coating suffices and the heat in the easting is sufficient to melt the 
enamel down without a return to the furnace. 

EQUIPMENT 

The equipment for the application of enamels differs greatly with 
the method, being quite simple for dipping and slushing, but much 
more complicated for spraying. In any case, it should be kept in good 
condition and carefully handled. 

Dipping. Dipping and slushing require a tank of enamel large 
enough to permit the immersion of the ware efficiently. It is not neces- 
sary to immerse large pieces in one operation, because they can be 
rotated in the enamel batch. The enamel drained from the ware or 
shaken off is allowed to fall into the tanks where it is re-used. To 
facilitate efficient operation the tank is usually made large enough so 
that the draining ware can be hung on racks over the tank and other 
pieces dipped while the draining is taking place. The tanks are 
generally made of galvanized iron and equipped with a drain to make 
possible the rapid removal of the slip, when it becomes too old for 
further use, and to aid in washing out the tanks. 

The supports for draining are usually points mounted in such a 
position on a rack so that the least possible damage will be done to the 
coating, and that only on the back sides. The design of the tanks and 
racks depends upon the ware being handled j therefore, no particular 
type will be described. The stirring of the enamel slip is usually done 
by hand, although in large tanks mechanical means may be employed. 

Spraying. Spraying equipment requires a spray gun, an enamel 
container, and a booth in which the operation is carried out. A clean 
source of air pressure is necessary and some means must be supplied 
for ventilation and enamel recovery. 

Numerous types of enamel spray guns are on the market, the 
progress in the development of superior types having been rapid 
during the past few years. The primary requirements are light weight, 
simplicity, good atomization, a constant flow of enamel, and resistance 
to wear. The operation of a spray gun depends upon a flow of enamel 
slip through a control orifice, called the ‘ffiuid tip,’’ and the air cap, 
through which the air at a pressure of 60 to 100 pounds escapes. This 
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air stream breaks up the slip as it leaves the fluid nozzle, atomizing it 
and keeping the spray within a eone-shaped area. In some cases, it is 
desirable to spray the ware with a flat spray, in which case air is 
allowed to escape through small orifices in lugs on the face of the air 
cap. The air from these holes impinges against the eone-shaped spray 
from opposite sides, flattening it out. The design of the gun, the sizes, 
and accuracy of the air and liquid orifices are very important, since 
they control the properties and shape of the spray pattern. Figure 81 
shows a diagram of the essential parts of the nozzle of a spray gun for 
enamels. The valves for controlling the air and enamel flow are 



Figure 81. Spray Gun Head. 


usually operated by a trigger which opens the air valve first and then 
the fluid valve. 

The patterns of guns operating properly and improperly are shown 
in Figure 82. The’ pattern should be uniform in shape and the enamel 
should be distributed uniformly over it, with no appreciable amount of 
enamel being sprayed outside of the pattern. If the gun does not give 
a good pattern, it should be adjusted or the consistency of the enamel 
corrected. A tiny burr or particle of dirt in any of the orifices may 
cause the gun to spray a defective pattern. It may deflect the spray, 
causing an uneven distribution in the pattern or produce a banana- 
shaped, s-shaped, elliptical, club-shaped, or split-spray pattern. These 
conditions can be readily eliminated by careful use of a reamer or 
No. 00 emery cloth. Care must be taken not to deform the openings by 
such treatment. ® 

An unbalanced spray may also be caused by a loose retainer ring, a 
poorly fitting air cap, defective packing of the plupger or air needle, 
or by irregular fluid or air pressure. 
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Some of the defects which may develop in a properly adjusted 
spray gun and the causes are as follows : 

1. An elliptical spray is caused by the wearing away of the atom- 
izing port and necessitates a new fluid nozzle and air cap. 

2. A split spray is usually caused by burrs on the atomizing port. 
This is corrected by reaming this port to a perfect circle. The same 
condition is caused when the flattening ports become worn too large. 



S Shaped Banana Shaped Club Shaped 

Figure 82. Spray Gnn Patterns.* 


3. An S-shaped pattern is caused by a burr on the top of one of the 
flattening ports and the bottom of the other. These burrs should be 
reamed to correct the defect. 

4. A banana-shaped spray is caused by a defect in the flattening 
air ports and can be corrected by reaming them out. The outside of the 
port on the concave side of the bow should be reamed and, if necessary, 
also the inside of the port on the convex side of the bow. 

5. When the spray is club-shaped, there is probably a burr or 
particle of dirt lodged in one of the sides of the central airport. If this 
be true, a few turns of the air cap should cause the large end of the 
pattern to follow around with the cap. If the large end of the pattern 
does not follow the turning of the air cap, the deflection is caused by a 
slight burr on the outside edge of the tip of the fluid nozzle. If the 
fluid nozzle is out of line with the gun, the defect will also appear. 

6. A spray with a ragged edge indicates an insufficient atomizing 
or fluid pressure. 

7. A spattering from the gun may be caused by (a) a loose 

* W. G-. Martin and A. Gmber, A. 0. Smith Corp. 



APPLICATION AND CONTEOL 


277 


material nozzle, (b) a loose air cap, (e) a loose hose connection, or 

(d) a loose needle yalve. 

8. A spitting of the gun may be caused by (a) leaky air lines, 
(b) a loose air cap, (c) a loose piston cap, (d) a defectiye packing, 

(e) loose packing nuts, (f) dirt in the line, or (g) coarsely ground 
enamel. 

The spray guns in an enamel shop should be given all due consid- 
eration and should be cleaned and adjusted after each day’s run, and 
the worn parts replaced by new ones. Care in this regard will improve 
the efficiency of the spray department, especially if automatic or con- 
tinuous spraying is used. 

Enamel Supply. Three methods are used to supply the enamel slip 
to the spray gun : the gravity system, the pressure system, and the 
suction cup. The suction cup method is used chiefly for experimental 
spraying or when only small amounts of enamel are used. A quart cup 
of enamel is attached to the gun, and the suction, produced in the fluid 
line by the atomizing air, draws the enamel slip through the fluid tip, 
where it is picked up by the atomizing air and sprayed. Although 
convenient for a limited amount of spraying, this method is not 
generally used, since the cup must be frequently refilled and the 
weight of the cup of enamel is added to the weight of the gun. 

In. the gravity system a small tank of enamel is located above the 
spray booth, the enamel flowing by gravity through a hose to the gun. 
If the tank containing the enamel slip is properly constructed and kept 
at a constant height, the pressure is constant and the method is very 
satisfactory. The size of such tanks is usually limited and no provision 
is made for stirring. The system is, however, convenient and depend- 
able and the cost of installation and operation is very low. 

The pressure method consists of a pressure tank containing the 
enamel, w^hich may be stirred by hand or by power. A pressure 
regulator is necessary, a gauge pressure of up to twenty pounds being 
used. The enamel is thereby forced from the tank through a hose to the 
spray gun. This method is particularly suited to large or continuous 
production, since it has a large enamel capacity. Many guns may be 
fed from the same tank, providing the line resistance does not interfere 
with the uniform distribution of the enamel. In such cases the enamel 
is usually fed to a manifold and the hoses to each gun are of equal 
length and tapped off the manifold. 

Conditions, such as the consistency of the enamel, the type of spray 
gun, the atomizing pressure, the fluid pressure, and the length of hose, 
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all affect the spraying of enamels ; therefore no definite set of condi- 
tions can he recommended. 

Figure 83 shows the effect of pressure on the amount of enamel 
delivered for different lengths of hose, as compared with the same effect 
for water. Differences of length of hose become of significance when 
spraying at different distances from the tank. 



Figure 83. Effect of the Length of the 
Hose on the Pressure.* 


Figure 84 shows the amount of back pressure and suction developed 
in the fluid line of a spray gun by various atomizing pressures. This 
chart shows that with the higher atomizing pressures less enamel is 
sprayed than with the lower pressures. A higher atomizing pressure, 
therefore, calls for a higher fluid pressure. 

The Air Supply. The air supply for spraying must be free from 
oil, dirt, and water. Since the air from the compressors usually con- 
tains both oil and moisture, the air is passed through baffle tanks and 
air filters prior to use for spraying. Blow-off valves are used to 
eliminate the condensed wmter, much of the oil passing off with it. As 
the air comes from the compressor it passes into air receivers, where it 
cools and a large part of the oil condenses. It is desirable to keep this 
air cool so as to diminish its water content, but even with the best 
conditions filtering is necessary prior to spraying. In some cases one 

* W. G. Martin and A. Gruber, A. O. Smith Gorp. 
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large air filter serves, but current practice tends to the use of a separate 
filter for each air line. 


The Spray Booth. The spray booth is generally a galvanized iron 
chamber with an exhaust system, a means for collecting the waste 
enamel, and the front open for spraying. It is of sufficient size to 
permit the convenient spraying of the ware. Some spray booths are 
operated continuously by having the ware carried on ah automatic 
conveyor through the booth and from there to the dryer. In such 
booths two or more operators may work at the same time or in some 
eases, where flat surfaced ware is being sprayed, automatic spray guns 
may be used. 



30 40 50 60 70 SO 90 

ATOMIZING PRESSURE 

Figure 84. Effect of the Atomizing Pressure on the Liquid Pressure.* 

The ventilator of the spray booth should be such that the air flows 
from the front to the back over the whole area and at as uniform a rate 
as possible. If the ventilating air flows through the booth unevenly, 
there is a tendency for the spray to be carried back to the operator. 
This is dangerous, particularly if the enamel is of the soluble lead- 
bearing type. Subjecting the operator to the spray dust should be 
avoided as much as possible. Another objection to an unevenly ven- 
tilated spray booth is the deflection of the spray from the spray gun 
when the ventilating air flows very rapidly near the object sprayed. 

A properly constructed spray booth has a baffle plate between the 
booth proper and the ventilating duct. This plate is usually a sheet 

* lUd. 
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of galvanized iron about three inches from the exit side of the booth 
and extending to within a few inches of the adjacent sides. Over the 
surface of the baffle plate are a number of two- or three-inch holes. In 
many cases, two baffle plates a few inches apart are used and the holes 
are staggered so that there is no direct path for the air to flow through. 

The design of spray booths should also permit easy cleaning and 
recovery of the waste enamel. The bottom of the booth is usually made 
so that it acts as a container for this waste, and, when the walls are 
brushed down, the enamel is collected therein. This enamel is recovered 
at the end of each day and reworked into a condition suitable for first- 
coat enamel. It is desirable to have a water drain in a spray booth, so 
that the whole booth can be washed and flushed out after recovering 
the enamel. 

Since the recovery of enamel is important, it is necessary to have 
different booths for the different kinds and colors of enamels. It is 
possible to have these all connected to the same ventilating system but 
an individual fan for each booth is preferred. It is difficult to create 
and maintain an equal flow of air in more than a few booths by a 
central ventilating fan. 

Dry Process Equipment. Considerable equipment is necessary for 
the dusting of dry process enamel because of the difficulty of handling 
the hot eastings. The handling equipment consists of a fork for 
removing the ware from the furnace and a jig for holding the ware in 
the various positions necessary, so that the enamel can be rapidly and 
uniformly dusted over the surface. These jigs are often quite compli- 
cated and, since they vary with different designs of ware, they will not 
be described in detail here. They must, however, hold the casting 
securely and be able to tilt and rotate it. They may be operated either 
by hand or power. Two men are required, the duster and the helper, 
or, in the case of power-operated jigs, two dusters. 

The screen-shaking machine used for dusting the enamel is called a 
dredge and consists of a round screen of 60 to 100 mesh and about ten 
inches in diameter, mounted at the end of a handle about five feet long. 
These dredges are usually vibrated mechanically by either an air. or 
electric vibrator, which can be controlled by a button on the handle. 
In a few cases of small production or touching up the ware a small 
dredge may be used and operated by hand. In this case an egg-shaped 
iron ring on the end of a short handle, held in one hand, is slipped over 
the handle of the dredge and is vibrated up and down, striking the 
handle of the dredge and thereby shaking the screen. 
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OPERATION 

The successful application of enamels by any of the various 
methods used requires experience and care. It is necessary to apply a 
uniform coating, not only over the surfaces of a single piece of v’are, 
but from one time to another. To do this, it is necessary to have an 
enamel properly prepared and to conduct the operations carefully. 
The method of dipping and draining must be uniform from piece to 
piece and the spraying must be systematic. The most convenient and 
efficient motions must be found and then rigidly adhered to. 

Sheet Iron Ground Coats. Except in rare cases sheet iron ground 
coats are applied by dipping and draining or slushing. To dip the 
metal shape it must be clean and in most cases, it is fairly fresh from 
the cleaning operation. It is immersed into the enamel, thoroughly wet 
over the entire surface, and then allowed to drain either by holding or 
hanging it in a convenient position. The hands should not be necessary 
to rub the enamel over the surface during dipping, although in some 
cases they are used for distributing it. 

In the modern plants the ware, after dipping, is hung directly on a 
continuous conveyor, which takes it to the dryer. In other cases, it is 
drained and then placed on the dryer conveyor and, in still others, it is 
drained and placed on racks for drying. In the latter two cases the 
dipper should have a helper to handle the ware after it has drained. 

Slushing enamel wmre is similar to dipping, except that the operator 
holds the piece until he has shaken off the excess and the coating has 
become uniform from the motions given it in the air. It is then either 
set on the pins in a drying rack, on the dryer conveyor, or it is hung on 
the furnace conveyor. If the ware is to be mottled, it must go through 
carefully controlled drying conditions. 

Black edging enamel is practically always sprayed on the ware. It 
may be applied over the dry ground coat or after the first firing of the 
ground coat. The former method is sometimes preferred, since the 
latter necessitates an extra firing for the black edging enamel. 

When applied over the dried ground coat, it is sprayed very dry to 
avoid re-wetting the ground coat enamel. If too wet, it causes blis- 
tering. This method of applying. black edging over the ground coat is 
satisfactory, if the ground coat is uniform and is not too thick, and if 
the black edging is applied dry and rather thin. 

The method of applying the black edging over the fired ground 
coat is much easier and is used in a great many plants. 

Sheet Iron Cover Enamels. Although sheet iron cover enamels are 
applied to kitchen ware by dipping, most of the other application is by 
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spraying. This is done by a systematic series of movements, spraying 
lightly into corners and edges. Care must be used not to double on 
corners by spraying around the piece. It is preferable to spray clear 
across the ware in a series of passes in one direction and then spray 
similarly at right angles to the original passes. The enamel is applied 
until it has a wet condition, but must not be thick enough to run. 

When the cover enamel is dipped or slushed on kitchen ware, it is 
handled with tongs to prevent undue damage to the coating. The edge 
or bead is usually wiped off -with a small sponge and the beading enamel 
is applied wdth the finger. This beading enamel is somewhat heavier 
than the regular cover enamel and is applied with the cover coat 
preceding the last cover coat to be applied. After applying the last 
cover coat the bead is wiped off, exposing the color of the beading 
enamel. If the outside of the ware is to have a different color from the 
inside, the cover enamel may be applied by spraying instead of 
dipping. 

Wet Process Cast Iron. Wet process cast iron enamels are always 
sprayed and may be used wuth or without a ground coat. The best 
finish whites always have ground coats, but a great many cover enamels 
are applied directly on the iron. 

Before applying wet process enamels to cast iron, all pits or cavities 
are plugged with a silicate mixture, t which just fuses at the enameling 
temperature. As with the dry process filler it must be forced into the 
hole to eliminate any possibility of entrapped air. 

The spraying of wet process east iron enamels is similar to the 
spraying of sheet iron enamels, a uniform coating being essential. Most 
east iron ware is sprayed by hand. 

Dry Process Cast Iron Ground Coats. The cast iron ground coats 
are very thin enamel slips and are applied by dipping, slushing, or 
spraying. The clean castings are dipped into the enamel, which is 
flushed over the surface to eliminate air bubbles, and then set on racks 
to dry. If the castings are too large to he dipped, the enamel is some- 
times poured over them or, in other cases, sprayed. When spraying 
cast iron ground coats, several per cent of red iron oxide is often added 
at the mill to give the slip a red colbr. This aids the spraying, as it 
makes it easier to see where the casting has been sprayed. After the 
ground coat has dried, the castings are inspected and any large pits or 
cavities are plugged. If the cavity is large with a small opening, it is 
first opened with a steel punch. The plugging material is usually 

t This silicate mixture resembles dried ground coat slip. It must have very little shrink- 
age and must remain porous until occluded air and moisture have a chance to escape. 
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ground coat, which has dried to a plastic condition. It must be forced 
into the holes to fill them to the bottom, since any entrapped air will 
expand during firing and force the material out 

Dry Process Cast Iron Covers. The dusting of dry process east 
iron cover enamels requires two men, one for handling the easting and 
the other for handling the dredge. This operation calls for speed, as 
the enamel must be applied while the casting remains hot. The enamel 
is dusted first in the corners and then it is built up over the surfaces. 
As the casting cools, the enamel refuses to adhere and it must be 
returned to the furnace for reheating. Several coats of enamel are 
usually applied. Any black specks are picked out and dusted over and 
any beads are cut off the flanges. The dusting process requires experi- 
ence, the helper being as important to good production as the duster. 

DRYING AND BRUSHING 

The drying, brushing, and decorating operations on vitreous 
enamels come between the application and firing ; therefore they are 
grouped together. With the more recent demands for mass production 
and the desire for greater beauty, these operations have increased 
greatly in importance. 

Drying. Although enamel ware can be dried in the air without 
artificial aid, this process is slow and, because of the variations in 
atmospheric conditions, the time required may vary from a half hour 
to many hours. In the drying of ground coats this is particularly 
undesirable, as the iron tends to rust with slow drying, with the 
resultant formation of rust spots in the enamel. In any type of ware 
long drying periods are objectionable because of the danger of con- 
tamination by dust floating in the air. When ware dries slowly the 
floor space required for the drying ware is very great and any form of 
continuous operation is demoralized. 

It is not possible to dry the ware in the firing furnace for two 
reasons : In the first place enamel that is dried at too high a tempera- 
ture is very likely to crack and later tear or crawl when melted down. 
The drying of ware in the entrance of continuous furnaces, although 
not in many eases too rapid, is objectionable, since the moisture collects 
in the furnace. If any appreciable amounts of moisture collect in the 
firing chamber of the furnace, it causes excessive blistering of the 
enamel. In some of the early installations of continuous furnaces, this 
difficulty was encountered and dryers were installed later. 

The most desirable condition for drying enamels is the application 
of heat from the back of the ware so that the enamel does not have a 
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chance to dry on the surface first. If enamel is dried rapidly, either by 
the application of heat or by the circulation of air on the surface of the 
enamel, there is a tendency toward a surface drying while the under- 
enamel is quite wet. Such a condition causes a shrinkage of the 
different parts of the coating at different rates, and so leads to the 
formation of many very fine cracks that become tearing defects on 
firing. 

It is possible to use a high clay content and a coarsely milled 
enamel which can be dried successfully under very severe conditions. 
This, however, is again objectionable since the enamel fuses to a more 
uniform coating, is more easily applied and has a better gloss if the 
milling is somewhat finer and the clay content kept at a minimum. 

The drying of gra^iite ivare enamels requires particular care to 
produce the desired mottled effect. These enamels contain salts, such 
as cobalt and nickel sulphates, wdiich promote rusting of the ware. To 
obtain a uniform mottle, it is necessary to control the drying of the 
ware by careful regulation of the humidity and temperature of the 
drying room. Thus the enamel is held in a moist condition until it has 
rusted sufficiently, whereupon it is dried rapidly. Many factors 
influence the mottling of these enamels, but the drying operation is 
one of primary importance. 

The drying of enamels, like other materials, depends on the absorp- 
tion of moisture by the air; therefore the capacity of the air for 
absorbing moisture is important. This property of air depends upon 
its temperature and its humidity, or the relative amount of moisture it 
contains. If the temperature of the air is increased or the moisture 
content decreased, its ability to absorb moisture from the enamel is 
increased. In humidity drying the moisture content of the air is kept 
high, even at the elevated temperature, resulting in very slow drying of 
the ware. As the moisture content then is reduced by the introduction 
of dryer air, the drying operation is greatly accelerated. It is thus 
evident that the dryer atmosphere must be continuously changed as 
the moisture from the ware rapidly reduces the ability of the air to 
absorb further moisture. 

In the drying of a material, such as enamel, two phenomena are 
necessary to successful operation. The moisture must diffuse to the 
surface and it must evaporate as it reaches the surface. If the evapora- 
tion takes place faster than the diffusion of the moisture, the surface 
is dried first and the enamel tends to crack. This is a result of too 
severe drying conditions. Since the rate of diffusion increases with 
temperature, more rapid drying can be carried out successfully if the 
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temperature is increased and the humidity held at a point where the 
surface evaporation does not exceed the rate at which this diffusion 
brings the water to the surface. The method of heating the enameled 
ware from the back is one method of accomplishing this result and 
probably in most cases the most economical and satisfactory one. 

Enamel Dryers. Although the use of steam pipe benches, portable 
blo\vers, and drying rooms is still common in the industry, these 
methods are far from efficient. The continuous type of dryer is 
superior, both from the standpoint of production and satisfactory 
drying control, because the ware can be loaded directly on the 
conveyor, obviating considerable handling. All the ware is subjected 
to the same drying conditions and the hardness of the coating is more 
uniform, which is important when brushing is necessary. 

There are numerous designs for continuous dryers, but all are 
essentially long chambers with a continuous conveyor traveling 
through them and with the radiated heat or hot air introduced from 
the floor. It is common practice to use the waste heat from the furnaces 
and, by means of an interchanger heat the air which is circulated by 
a fan through openings in the floor of the dryer. 

A longitudinal combustion chamber under a muffle floor is some- 
times used and, in other cases, gas or electricity is used as direct heat at 
the floor of the dryer. The necessary change of air may be accom- 
plished by natural draft, by a circulating fan, or, as is common, by the 
circulation of air through the ends of the dryer. 

Dryers need not be of heavy construction, but should be well 
insulated to conserve heat. The waste-heat dryers usually operate at 
temperatures of about 200-300° F while the direct-heat or muffle dryers 
generally operate at from 300-400° F. With these temperatures pre- 
vailing in a properly constructed and ventilated dryer, it is possible to 
dry ware successfully in from three to five minutes. 

Increased attention to drying has greatly improved enameled ware, 
and is one of the necessary steps in continuous operation. 

Brushing. The most satisfactory and generally used method of 
producing more than one color on a single enameled piece is that of 
brushing. The dried enamel, applied over the previously fired coat of 
another color, is brushed off from areas where it is desired to show the 
color of the previous coat. Thus, for example, in the production of 
black edging on a white panel the white cover coat is sprayed and 
dried, after which it is brushed off along the edges of the panel, where 
it is desired to show the previously fired black edging enamel. This 
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brushing operation may be extended to many different colors, such as 
are used in commercial signs. 

For successful brushing the enamel must not be applied too thickly ; 
it must be uniform and it must be dried without the development of a 
brittle structure. The adherence to the previous coating must be good, 
the enamel must be sufficiently hard to withstand handling and yet 
soft enough to permit easy brushing. The clay content in the enamel 
usually produces the proper hardness, although in some cases other 
agents, such as gum arabic, are added. 

Gum arabic is usually prepared by soaking the dry gum for about 
ten hours with twice its weight of water, boiling, and then sieving to 
remove any lumps that may not have dissolved. A few cubic centi- 
meters (not over five) are then added per gallon of slip and thoroughly 
stirred in. An excess of gum not only makes the enamel dry too hard, 
but it may cause blistering and discoloration of the enamel. Enamel 
treated wdth gum must not be left from day to day, as it has a tendency 
to lose its set. This is due to the protective colloid action of the gum. 
On long standing the enamel becomes lumpy and useless. Because of 
these characteristics the use of gums is limited to cases where they are 
necessary to obtain sufficient hardness. Ammonium alginate, gum 
tragacantlL and dextrin have also been used for this purpose. 

The brushing of enamels is a hand operation, although many 
attempts have been made to use machines. For black edging, hand 
brushes are quite commonly used with guides, so that one or two sweeps 
of the brush give a clean border and straight edge. In other cases 
rotating brushes are used, but even by this method the ware must be 
manipulated by hand. 

For the making of signs, it is a very common practice to use sten- 
cils and to brush off the dried enamel exposed through them. Many 
attempts have been made to spray through ^stencils, but in most cases 
they have been unsatisfactory, as the enamel tends to creep under or 
build up along the edges of the stencil. 

The making of stencils for brushing vitreous enamels requires prac- 
tice and careful planning. Twenty-five to thirty gauge sheet zinc is 
generally used, although brass is satisfactory and, if the stencil is to 
be used only a few times, a heavy paper can be used. The stencils may 
be made by either cutting with a sharp chisel or etching. 

To cut a stencil, the sheet of zinc is first sheared to the proper 
size with a sufficient margin for holding it in place during the brushing. 
The design is then laid out with a sharp pointed steel pencil. Ties must 
be left for holding the centers of such letters as 0, D, P, E, etc. in place. 
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The sheet of zinc is then placed on a fiat metal surface and cut with 
sharp chisels. The edges are smoothed off with fine files. A second 
stencil is necessary to brush the spaces kft in the ties of the original. 
This is made in a similar manner to the first. In simple two-color signs 
two stencils are all that are necessary, but for more complicated signs 
a considerable number must be used. 

The etching process of making stencils consists of coating the zinc 
on both sides with an asphaltiim paint and laying a sheet of lead foil 
over one side. This is rolled down smooth and the stencil laid thereon. 
The stencil is then traced in the lead foil with a sharp knife. The 
asphaltum is washed out of the open spaces with a solvent, such as 
turpentine. The stencil is then placed in a bath of dilute hydrochloric 
acid (muriatic acid) until the exposed zinc is dissolved away. It is then 
removed and washed in a solvent to remove the remaining asphalt 
paint and the edges are smoothed wdth files. Two or more stencils are 
necessary to take care of the ties which must be left to hold the stencil 
together. 

In the brushing of stencils considerable dust is evolved, so that the 
w’orkmen must be protected by adequate ventilation. Attempts have 
been made to equip the brushes with a suction similar to that used on 
vacuum cleaners, and in some plants this has been entirely satisfactory. 
Booths are not satisfactory ; they are in the way and do not draw off 
the dust as rapidly as is necessary. One very successful method of 
removing the dust is that process using both gravity and suction, 
known as the ''brushing table/ ^ The brushing table has a smooth 
screen top, through which the dust falls with a suction drawing the air 
down into the table. The more modern tables have slots or pockets 
along the outside edges, which catch the dust falling from the table. 
With good air fiow these brushing tables are very satisfactory ; they 
prevent the dust rising to the level of the workers ’ faces and carry it 
away as fast as it is formed. 

DECORATION 

The methods used for the decoration of enamels include screening, 
decalcomania, printing, graining and marblizing, stippling, polytone, 
and miscellaneous methods, such as photography and hand decoration. 
Such decoration may be for the purpose of increasing the beauty, 
utility, or merely for placing the trade mark or name on the ware. 

Screen Process. The brushing process is costly from the standpoint 
of labor, the amount of enamel wasted, and the numbers of firings 
necessary to produce complicated designs. It is, therefore, not surpris- 
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ing that many attempts have been made to substitute other methods for 
obtaining the same results. The most promising and successful of these, 
which at the present time is used in only a few plants, is that of forcing 
an enamel paste through a silk or metal lawn onto the ware. T\vo proc- 
esses are used in making the stencil. The older method consists of glu- 
ing an oiled paper stencil onto the 80 to 100 mesh silk lawn. The newer 
method consists of impregnating the lawn with a light-sensitive gelatin, 
and exposing to a bright light through an opaque stencil. The part of 
the gelatin exposed to the light is insoluble, while that not exposed is 
soluble. The development of the lawn by washing thus 'gives a stencil 
impregnated in the silk lawn. 

The enamel must first be made into a thick slip with an oily 
material such as butyl acetate, by milling to extreme fineness between 
200 and 300 mesh. To apply the enamel, the lawn is laid over the 
piece to be enameled, the slip is placed on the lawm, and, by means of a 
rubber squeegee, it is forced through the part of the lawn not covered 
by the paper or gelatin. If a fine lawn is used and the enamel is 
properly prepared, the design does not show the weave of the lawn. 
The advantage of this method is that many different colors can be 
applied and fired at one time, which results in a considerable saving. 
The amount of enamel used is small compared to the brushing process 
and the labor required is not great. The enamel by this process is 
applied very thin and must, therefore, be strong in color and opacity, 
which is difficult to attain with good gloss. It is more costly to mill the 
enamel to sufficient fineness for the silk screen process, but the waste 
dust of the brushing process is eliminated. It is quite probable that 
the process will become more popular as its development becomes more 
complete. Using the gelatin stencil it is possible to reproduce almost 
anything w^hich can be photographed, the half-tone being readily 
obtained, 

Decalcomania. Decalcomania, commonly called ''decaU^ was first 
introduced in the United States from Germany in 1880, when it took 
the form of transfer papers used by children to decorate their books 
and toys with pictures. The industry, however, was not slow in 
adapting these colored decals to many articles on the market. 

At the present time there are two kinds of decalcomania, the oil 
color decals used on painted and varnished surfaces and the ceramic 
decals fired on ceramic ware. These ceramic decals were first intro- 
duced by the Germans, but later w’^ere improved by the French. They 
have been in use on vitreous enamels in the United States for only 
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twenty years, although previously introdueed to the glass and white 
W'are industry. 

The ceramic decal is made up of oxide colors and a flux and is 
actually fused into the surface of the enamel and made permanent. 
This is the common type used for vitreous enamels, although where 
permanence is not required the oil decals are sometimes used. 

The making' of ceramic decals is quite different from the making 
of oil-color decals although both use the lithographic stone. This 
stone, which is imported from Bavaria, is a particularly fine grain 
limestone especially suitable for the purpose. 

The oil decal is made by grinding the pigment in an oily varnish 
and then printing it on the paper by the lithographic process. The 
color oxides of the ceramic decals are not ground wuth the varnish, but 
are dusted onto the varnish, which is first printed on the paper. This 
varnish covers only the surface to be colored with that particular oxide. 
As the varnish dries, a part of the color oxide becomes fixed, whereupon 
the excess can be dusted off and the design obtained. 

In the making of the ceramic decals it is necessary to use a separate 
lithographic stone for each color, as the ceramic oxides do not blend to 
give an intermediate, as paint colors do. 

The enameler obtains his decals from the manufacturer and is only 
concerned with the successful application, for which purpose several 
methods are employed. In the most common method, a sizing or varnish 
is first applied to the enameled surface with a camel’s hair brush and 
allowed to dry to a tacky or sticky condition. The decal is then applied 
and rolled down and smoothed with a damp sponge. The ware is next 
immersed in -water until the paper works loose, -when it is rinsed off 
under a stream of water. It is necessary that sufficient time be given 
to soak off all of the excess varnish, after which the ware is allowed 
to drain and dry. In some cases, where the -water has considerable 
mineral content, it is necessary to wipe the surface dry with a piece of 
cheese cloth. The wmre will become stained in the firing process if 
varnish or dirty water is left on it. 

After drying the decal two different procedures may be followed: 
the ware may be either baked at 400 to 450° F and then fired or it may 
be fired direct. The former process is preferred, because there is less 
danger of defects developing. In the baking operation the varnish is 
evaporated to a brown powder, which is burned out in the firing 
operation. 

In some cases the decal is applied without sizing, in -which case it is 
pressed down on the enamel surface and soaked with a damp sponge 
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and roller. The paper is then lifted off and the design again pressed 
down with the damp roller. This method requires more careful tech- 
nique in application, hut it eliminates the sizing and baking operation. 

The application of decals to wet process cast iron is more difficult 
than to sheet iron because of the tendency of the former to blister. The 
use of a ground coat enamel, however, greatly reduces this hazard. In 
some cases the decals are applied directly to the warm castings without 
any sizing, but in other eases the sizing is used. 

The use of decals on enameled ware has become very common and 
for very intricate work, they are used on signs. The preparation of 
the lithographic stones is costly, therefore the use of decals in small 
quantities is practically nil, but, where large quantities of a particular 
design are used, the unit cost is low. 

Printing. The printing process is used extensively throughout the 
enameling industry because it is particularly well suited to small 
lettering and designs, such as trade marks, control dials, and tables, 
and it has largely replaced the old method of hand lettering and 
decoration. Printing is nearly always used after the last finish coat has 
been fired, although in some eases it is applied over the dried finish 
coat. In the former case, an extra firing operation is required, while in 
the latter it is fired with the finish coat. 

In the semi-hand method of printing, a rubber stamp picks up the 
color oxide or ink from a glass plate and transfers it to the ware. This 
method is suitable for small production and simple printing. 

In another simple method an adhesive varnish or sizing is trans- 
ferred to the ware in a similar manner and the color oxide is dusted 
over the sticky surface. Since this color oxide only adheres to the 
surface coated with adhesive, the design is distinctly brought out. The 
varnish burns out of the coating when it is heated in the final firing. 

If production warrants the initial investment, more complicated 
processes are used. In one process the design is engraved on a steel die, 
the letters being depressed, forming an intaglio plate. The ink is then 
spread over the plate and slicked off with a squeegee. This leaves ink 
only in the depressions from which it is taken up by a rubber pad or 
roller. The pad or roller then transfers the ink to the surface of the 
ware. In some cases regular printing presses especially adapted to the 
work are used. 

The ink after printing must be dried and then fired into the enamel 
surface. If several colors are used, it may be necessary to make a sep- 
arate firing for each, especially if they do not fuse in at the same 
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temperature. In such cases those fired at the higher temperatures are 
applied first. 

Graining and Marblizing. Graining and marblizing are decora- 
tive finishes applied over the last cover enamel to give the ware the 
appearance of wood or marble. The processes have been extensively 
used and for certain types of ware, very attractive effects result. Wood 
graining preceded marblizing and is more extensively used. Two 
different methods are employed, the direct method and the indirect 
method. The direct method is similar to printing in that the grain is 
applied by inking a roller bearing the design of the grain. The neces- 
sary equipment includes the roller bearing the grain design, a fiat glass 
plate for inking, and a smooth roller for applying the ink, or ‘‘graining 
paste” as it is called, uniformly to the glass plate. The operations 
consist of inking the glass plate and rolling the paste to a uniformly 
thin layer. The graining roll is then run over the surface of the plate, 
picking up the ink. This is then transferred to the ware by passing 
the graining roll over the ware. 

The condition of the graining roll and the graining paste are very 
important. The paste is usually prepared with an oil, such as clove oil, 
and consists of color oxides and fluxes to give the proper color and 
gloss. The graining roll which is coated with a rubber-like material, 
consisting of gelatin, glue and zinc oxide, is prepared by casting this 
material on a previouslj^ prepared wood surface. To bring out the 
grain of the wmod, it is treated with either caustic soda solution, oxalic 
acid, or glacial acetic acid. These materials dissolve the gums out of 
the 'wood and produce a surface greatly exaggerating the grain lines. 
Sometimes a wdre brush is also used. After the coating is melted and 
cast on the 'v^mod grain surface it is removed and glued on the graining 
roller. The graining roller should be kept clean and should not be 
subjected to either a high or low temperature. When not in use, it 
should be oiled and supported, so that it does not rest on the graining 
surface. The graining roller may be of any convenient size, being 
operated by hand, where production is small, or by machine, when 
production is great. 

The indirect, or offset, method of graining differs from the direct 
method in that the graining roll has a smooth coating and the grain is 
taken from an engraved plate or directly from the wood surface. An 
engraved copper plate is most commonly used, although a steel plate 
is more permanent. 

The equipment necessary is the smooth composition roller, the plate 
with the desired grain, and a scraper or spreader. The operation 
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consists of inking the engraved plate with a brush and removing the 
excess with the scraper. The smooth roll is run over the inked plate and 
then rolled over the ware to be grained, thus transferring the design. 

Many methods are used for the graining operation, including the 
hand process and that in which an automatic press is used. 

After the grain is applied it is dried and fired in the regular enameh 
ing furnace. It is, thereby, fused into the enamel surface and is as 
permanent as the enamel itself. 

Marblizing. Marblizing is similar to the wood graining processes, 
inasmuch as both the direct and the indirect methods are used. The 
latter method, however, is much more common at the present time. 

The making of the marble design has required a great amount of 
development and much of the early work lacks quality and warmth. 
The more modern method, however, where the design is taken from the 
natural marble, gives a very beautiful finish. The marble used for 
graining must be selected so that it can be either etched, or sand blasted 
with a very fine sand to reproduce the natural design. 

The graining and marblizing processes have greatly increased the 
field of enameled products, for they give a durable finish, which can be 
used for building fixtures and panels, where a plain color or mottle is 
not suitable. 

Stippling. A stippled finish is one in which enamel of different 
colors is spattered on the surface of the ground coat to give a mottled 
finish. This effect is produced in a number of different ways. The 
oldest method of producing this effect is that of dipping a brush, 
similar to a floor scrubbing brush, into enamel and then drawing a 
scraper over the bristles, thus spattering the enamel on the ware. A 
modification is the use of a cylindrical brush which dips into the 
enamel and rotates past a scraper. 

A third method, used extensively abroad, is that of dipping a 
sponge into the enamel, squeezing out the excess and then lightly 
touching the surface to be decorated. By careful selection of the 
sponges used, and practice, a uniform finish can be produced. 

The more modern method uses a modification of the spray gun, in 
w’^hich the enamel is spattered, rather than sprayed, on the ware. By 
this means several colors can be applied at one time and the uniform- 
ity of the coating can be nicely controlled. 

Pol5d:one. The polytone finish is one of the most recent methods of 
decoration and is particularly suited to flat ware. The finish coat 
enamel surface is roughened up, either by spraying it very dry or by 
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spraying a coarsely milled enamel. While in the dry condition another 
aolored enamel, milled very fine, is sprayed onto this dry coat from the 
end of the ware. This latter enamel coats only one side of the pro- 
jecting particles of the rough coat. The finish is then fired to a smooth 
surface. This gives the enamel an appearance of ha\dng a slightly 
roughened surface although it is in reality smooth. 

Miscellaneous Finishes. Other decorative finishes are used, but 
are not of suifficient importance for description here. The ceramic 
photograph is one of the more important as it has a very useful field in 
art work. X-rays affect the color of enamels and could be used for 
design ; hand painting and decorating are used and other finishes wdll 
probably be developed. 



CHAPTER 11 

Firing (Burning) and Furnaces 

The 'wor(J firing^ has been adopted by the American Ceramic 
Society as the proper term to use for what is commonly called burning 
in the enameling industry. Therefore, the term firing has been used in 
this book, except where the meaning might not be clear. 

All enamels must be fired on the ware to melt them down to a 
smooth continuous glassy layer. The temperatures and times required 
vary with the different compositions and types of enamels, but it is 
safe to state that they are all fired at temperatures above a red heat. 
Since firing is the last operation in enameling, successful firing is of 
primary importance, for ware lost in the firing represents a loss of both 
the materials involved and also the labor expended on all of the 
enameling operations. 

The requirements for the successful firing of enamels are compara- 
tively simple. Given a good enamel, properly applied to good base 
metal which has been properly prepared, the following are the main 
firing requirements : 

(a) proper firing temperature and time 

(b) proper support of the ware 

(c) uniform heating and cooling of the ware 

(d) an atmosphere free from dust and very low in sulphur and water vapors. 
Some enamels require an atmosphere containing free oxygen, but, since 
air consists of about one-fifth oxygen, this requirement is usually met. 

Table 42 shows the common ranges of the fusion temperatures and 
times for the various types of enamels. These ranges hold true only 
for typical compositions and ordinary conditions. 

The firing times and temperatures for .an enamel depend upon many 
factors, such as : the thickness and uniformity of the metal stock, the 
thickness of the enamel coating, the fineness of the enamel, the resulting 
product desired, the ratio of the amount of ware to the reserve heat in 
the furnace, the weight and construction of the burning (firing) tools, 
the position and shape of the ware, the amount of preheating, and the 
radiating properties of the furnace. 

The support of the ware in the furnace must be such that the ware 
does not become distorted in shape. The supports must not greatly 
influence the heating of the ware and should absorb a minimum of heat 
from the furnace. 

^Bul. Am. Ceram. Soc., 12, 30 (1933). 
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Uniformity in the heating and cooling of the ware is of great 
importance for the prevention of chipping, warping, and cracking. The 
rate of heating or cooling is not very important, but a rapid rate 
usually brings about uneven heat distribution. Some enamels can be 
actually quenched from furnace temperature, if the uniformity of 
cooling can be controlled. Large enameled pipes forty feet long by 
thirty inches in diameter are quenched commercially from the furnace 
temperature to 800° P in order to raise the strength of the steel and 
to inhibit the tendency to fishscale. 

On one occasion ^ sheet iron enamel ground coats were fused by 
passing an electric current through the iron and thereby heating it 
almost instantaneously. This gave the enamel a nice coating, but the 
temperature had to be held for about a minute to enable the heat from 
the iron to penetrate the enamel, which has a relatively low thermal 

TABLE 42 

Fieing Temperatures and Times 


Temperature Time 

Sheet iron ground 1500-1600° F 1-4 minutes 

Sheet iron cover 14o0-15d0 ° F 1-3 minutes 

Wet process cast iron 1150-1400° F 10-15 minutes 

Dry process east iron 1550-1700° F 1-5 minutes 


conductivity. Although the enameling was done in this case as rapidly 
as the heat could be absorbed by it, the enamel coating was of good 
quality. This shows that enamel ware can be fired very rapidly, if it is 
heated uniformly. The time required to melt the enamel down and give 
adherence makes the use of the electrical resistance method of heating 
uneconomical, even for ware of uniform design. 

The atmosphere of enameling furnaces must be free from dust and 
dirt particles, which are likely to fly about and spot the ware. Sulphur 
gases in amounts as low as twenty parts per million, or .002 per cent, 
will cause a pronounced scum on some enamels. Water vapor in an 
enameling furnace causes severe blistering of most sheet iron enamels. 

PHYSICAL AND CHEMICAL CONSIDERATIONS 

The flring of vitreous enamels involves not only the fusing of the 
enamel but many accompanying chemical and physical changes. Take 
for example, the sheet iron cobalt ground coat, which is applied by the 
wet process. If the iron does not already have a thin coating of rust, 
such a coating develops before the enamel is dry. This rust is brownish 

^ W. G. Martin, A. 0. Smith, Corp. 
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red in color and is probably red oxide or hydroxide of iron. In the 
early stages of firing the hydroxide decomposes and the ferric oxide 
produced is reduced to the black oxide of iron. As the fusion of the 
enamel progresses, this black oxide layer, which resembles iron scale, 
gradually disappears and the blue color of the cobalt glass changes to 
the characteristic green of an iron containing glass. 

Gas Evolution. Gases are evolved through the surface of the en- 
amel, after which the glass melts down to a smooth layer containing 
many small gas bubbles. These gases probably originate from the iron, 
the enamel, and any reactions taking place at the inter-face of the 
enamel and the iron. Lucian and Kautz ® found by a spectrographic 
analysis that the gases evolved from enameling iron below 1200° F 
were hydrogen, water vapor, carbon monoxide, carbon dioxide, and 
nitrogen. Betw^een 1200° F and 1600° F they were carbon monoxide, 
carbon dioxide, and nitrogen. The gas evolved from a ground coat at 
1500° F is principally water vapor. 

Adherence. To develop adherence in sheet iron ground coats, avail- 
able oxygen is necessary."^ This must come from either the atmosphere 
or some oxide at the surface of the metal. A thin layer of rust seems to 
aid the adherence when other oxygen is not available. It is interesting 
also to note that this rust layer disappears, if it is in contact wuth the 
iron, but, if suspended in the enamel glass, it remains without visible 
change after firing. 

A microscopic examination of a ground coat enamel shows the pres- 
ence of many bubbles and, if properly fired, these bubbles are small 
and uniformly distributed. If the enamel contains other color oxides 
than cobalt and manganese, it is often opaque, which obscures the 
bubbles, or it may show a clouded area at a depth approximating the 
inter-face between the enamel and the iron. 

On observing the firing operation through a microscope the phe- 
nomena become quite interesting. The first visible effect is a micro- 
scopic tearing or cracking of the surface of the unmelted enamel. As 
the temperature increases it begins to ruffle up and melt with a wavy 
appearance. The surface smooths off and appears to be a clear glass. 
Soon, however, bubbling starts and becomes violent, the bubbles rising 
to the surface and bursting. Many sizes of bubbles are in evidence, but 
the large ones are soon eliminated and a great many bubbles of nearly 
uniform size remain. The enamel is properly fired at this stage. With 
continued firing, these smaller bubbles gradually rise to the surface 

* A. ]Sr. Lucian and Karl Kautz, J. Am. Ceram. Soc., 17, 167 (1934). 

■* R. D. Cooke, J. Am. Ceram. Soc., 7, 227 (1924). 
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and burst, until the glass becomes clear and free from bubbles. The 
enamel at this stage is over-fired and will tend to fishscale. ^Yith still 
further firing, the enamel seems to flux with the iron and form a slag. 

Observations of cross sections of the iron and enamel have con- 
tributed much to our yet incomplete knowledge of the mechanism of 
sheet iron ground coat firing and adherence. R. M. King^ describes 
dendrites, which he believes to be alpha iron, projecting from the iron 
surface into the enamel layer. These are formed by long firing periods 
and may be of sub-microscopic size in ordinary commercial ware. 
Cross sections also show crystals of iron oxide in the enamel and 
frequently cracks, which run parallel with the surface.® The bubble 
structure shown by the cross section of properly fired enamels consists 
of small bubbles uniformly distributed. 

Reboiling. On reheating the sheet iron ground coat there is often 
another boiling, as the ware reaches a temperature of 1100^ P. which is 
called reboiling. The exact cause of this is not yet known, but it 
certainly involves physical or chemical changes in the enamel. 

The following is a summary of the observations of many investiga- 
tions compiled by J. 0. Lord.*^ 

(1) Eeb oiling takes place only on cobalt (and possibly nickel) ground coats 
and only on sheet steel (or sheet iron).® 

(2) Reboiling commences suddenly, as the piece reaches a dull red heat, lasts 
for a few seconds, and then subsides and will not occur again until the piece has 
been first cooled nearly to room temperature.® 

Note; Hayes, Canfield and McGohan note that ^^metal which reboils when en- 
ameled in the usual manner does not reboil if not allowed to cool below 500® F.’^ 

(3) Electrolytic, vacuum-distilled iron reboils very slightly for one or two 
heatings only.® 

(4) Enamel may possibly reboil on copper, but only very slightly.® 

(5) Experiments recently conducted in the laboratories at Ohio State Univer- 
sity fail to show any reboiliiig in enamels applied to platinum and gold. 

(6) If the piece be (a) dipped, and one side brushed off, reboiling will not 
occur; (b) sprayed on one side only, reboiling will occur; (e) sprayed on both 
sides and one side brushed, reboiling will occur; (d) sprayed on both sides and 

® Papers on Mechanics of Enamel Adherence: (a) J. O. Lord and W. C. Rueckel, I, 
J. Am Ceram. Soc., 14, 777-81 (1931) ; W. C. Rueckel and R. M. King, II, ibid., 782-88; 
W. K. Carter and R M. King, III, ibid., -788-94. (b) A. McGreaves-Walker and R. M. King, 

IV, ibid., 15, 476-80 (1932); G. H. Spencer-Strong and R. M. King, V. ibid., 480-83; K. 
Schwartzwalder and R. M. King, VI, ibid., 483-86; G. H. Spencer-Strong, J. O. Lord, and 
R. M. King, VII, ibid., 487-90. (c) R, M. King, VIII, ibid., 16, 232-38 (1933). J. Am. 
Ceram. Soc, 15, 488 (1932) 

"A. Hayes, J. J. Canfield and G. W. McGohan, J. Am. Ceram. Soc., 15, 338 (1932). 

T J. Am. Ceram. Soc., 16, 442 (1933). 

® Anson Hayes, J. J. Canfield, and G. W. McGohan, Reply to Schaal and Fuller, J . Am. 
Ceram. Soc., 15, 351-53 (1932). 

® R. M, King, Mechanics of Enamel Adherence, VIII, ibid., 16, 232-38 (1933). 
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one side brushed and then sponged clean, reboiliiig will not occur/® In general, 
pieces enameled or coated in any manner on both sides show greater tendency to 
reboil than when enameled on one side only. A complete description of this be- 
havior is, however, very involved®.® 

(7) Sandblasting the surface of the sheet seems to increase the reboiling 
tendency, particularly if only one side is sandblasted, whereupon that side will 
reboil/® 

(8) If the piece is fired in vacuo, it will not reboil in any subsequent firing.® 

(9) As much as 10% carbon dioxide has been found in the gases produced 
'when reboiling takes plaee.^^ 

(10) After twenty -three to twenty-five heatings, no further reboiling takes 
place/ 

(11) When, after initial firing, the piece is cooled in the furnace, reboiling 
will not occur on the next heating. Furthermore, slow heating reduces or elimi- 
nates the reboiling tendency.® 

(12) Pieces reboil more, if allowed to rest for several days or longer after the 
original heating.^® 

(13) Simple glass enamels, without cobalt or nickel, do not reboil.® 

(14) Some steels reboil more than others/^ 

(15) So far no serious reboiling tendency has been found where there is no 
evidence of the metal dendrites observed by Sehwartzwalder and others. 

The matter of reboiling is receiving considerable attention and new 
facts are constantly being accumulated. Some of the data point to a 
mechanical, and some to a chemical explanation for reboiling. Micro- 
scopic observations by both J. 0. Lord and the author during the 
actual reboiling of the enamel have shown exactly how the bubbles 
appear. On heating a sample from room temperature, the specimen 
first appears as a glass containing many small bubbles uniformly dis- 
tributed and of fairly uniform size. As the temperature increases, 
highlights appear, caused by a bulging of the surface of the enamel. 
As heating is continued, these bulges or large blisters become very 
distinct, the whole thickness of the enamel layer being raised from the 
iron. As they become larger they round themselves and then a bubble 
is seen to penetrate the lower surface of the enamel and slowly rise to 
the upper surface, where it finally bursts. The enamel is then drawn 
into- this cavity and smooths over. This small area is free from the 
ordinary enamel bubbles, probably being fined by the flowing action. 
These reboiling bubbles are much larger than any of the bubbles 
formed during the original firing. The whole layer of enamel rises as 
though the gas collected first between the enamel and the iron. 

Personal communication by W. H. Pfeiffer and H. W. Alexander, February 6, 1933. 

^ A. I. Andrews, An Oral Discussion of Papers on Reboiling at the Annual Meeting, 
American Ceramic Society, Pittsburgh, Pennsylvania, February, 1933. A. I. Andrews and 
R. E. Mullady, Further Data on Rehoiling, J. Am. Ceram. Soc. 17, 346 (1934). 

“R. B. Schaal and D. H. Fuller, Modern Enameling Troubles, Ceram. Ind., 15, 605-14 
(1930). 
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Evidence of this is indicated by the irregularity of the original shapes 
of the large blisters which later become round. ^ 

These results indicate that the reboiling blisters are not . formed 
from the many bubbles already present in the enamel, but between the 
enamel and the iron. The whole thickness of the enamel is lifted up 
where a reboiling blister forms and the small bubbles can be seen long 
after the reboiling blister has started to take form. 

The mill additions to enamels contain clay, which is decomposed, 
and water, w^hich is vaporized. The non-volatile constituents are dis- 
solved in the glass and the electrolytes are decomposed or dissolved in 
the enamel. If sulphates are present, they form immiscible liquids, 
which come to the surface of the enamel and, when cool, absorb water 
and form a scum. 

Sheet Iron Cover Enamels. The firing of sheet iron cover enamels 
does not involve as many changes as the ground coat, since there is no 
interaction with the steel. The cover enamel how^ever, contains a 
greater percentage of mill additions and it must fuse into the 
previously fired ground coat. The contact surface between the cover 
coat and the ground coat must be an interfusion of the two enamels, 
which requires that they (wet each other) have an inter-facial tension 
for each other. The ground coat preferably has a slightly higher firing 
temperature than the cover enamel. The ground and cover enamels 
must have similar physical properties, such as expansion coefficients 
and strength, so that they will retain their intimate contact on cooling. 
If the cover enamel glass does not w^et the ground coat glass readily, 
crawling and beading will result. 

The mill additions of the cover enamel include an opacifier such as 
tin oxide or zirconium oxide, which must disperse in the glass to give 
good opacity. The nature of the grains of opacifiers and the composi- 
tion of the glass influence this dispersion. The cover enamel does not 
boil violently, as the ground coat does, although there may be evidence 
of reboiling of the ground coat. If the reboiling bubbles are large, the 
blue ground coat may push through the cover enamel, producing a 
defect which appears as black specks. 

The cover enamels are melted down to a smooth coating and when 
properly fired produce a high gloss and pleasing color or opacity. 
Colored cover enamels are often sensitive to reducing gases because of 
the reducible color oxides. Temperature also affects color, therefore, 
the firing of colored cover enamels must be under careful controL 

Wet Process Cast Iron Enamels. Wet process cast iron enamels 
may be applied with or without a special ground coat. If a ground 
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coat is used, it does not contain easily reducible oxides ; therefore the 
blistering during the tiring operation is kept at a minimum. Cobalt is 
not necessary for good adherence, but it is sometimes used. Since wet 
process cast iron enamels are applied to castings, the mass of the iron to 
be heated is much greater than when firing sheet iron enamels. This 
necessitates a longer firing period and, in order to avoid excessive 
boiling, the temperature must be reduced. All wet process east iron 
enamels boil during tiring, but towards the end of the operation the 
enamel quiets down and gives a smooth layer. The gases producing 
this boiling probably come mostly from the iron, although a consider- 
able amount may be formed by the reaction at the inter-face of the 
iron and the enamel. 

Dry Process Cast Iron Enamels. Dry process cast iron enamels are 
used on heavy castings and ahvays require a ground coat. This ground 
coat is a viscous glass which does not readily decompose or give off 
volatile constituents. It fuses into the pores of the iron and produces a 
continuous thin layer of glass which prevents the iron from oxidizing 
and scaling. Since the castings are very heavy they are heated slowly, 
often in two steps. The preheating raises them to a temperature of a 
bright red heat and then they are transferred to the furnace at an 
enameling temperature of 1550 to 1700 F. As a casting reaches the 
temperature of the furnace, it is withdrawn and the cover enamel is 
dusted on the hot surfaces. It is then returned to the furnace until 
the enamel coating melts down to a smooth surface. 

The ground coat (or grip coat) on dry process cast iron usually 
boils very violently in the first firing, which is probably due both to the 
gases evolved from the iron and the reactions at the inter-face. 

It may be well to mention here the Manson etfect,^^ -which is a test 
of the blistering characteristics of cast iron. Ih the cover enamel is 
dusted on hot iron, it boils violently in some cases and does not in 
others. Iron w^hich undergoes this violent boiling gives an enamel of 
good adherence, while one w^hieh does not boil has poor adherence. 
This is evidence that good adherence and successful enameling are 
dependent upon the reactions between the enamel and the iron. 

This discussion of firing shows that the chemistry and physics 
involved are very complicated and that the best efforts of the ceramist 
and chemist will be required before they are completely explained. 

The Effect of Furnace Atmospheres. The furnace atmosphere in 
enameling furnaces is an important consideration and one which 

*®E. P. Poste, J. Am. Ceram. Soc., 16, 177-92 (1933). 
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usually comes to the enanieler’s attention, whether he wishes or not. 
There are three characteristic defects, which are sometimes caused by 
gassing, namely : iridescence, blistering, and scumming. xVlthough these 
defects may be caused by the furnace atmosphere, they may also occur 
from other sources. 

Blistering of enamels may be caused by the presence of water vapor 
in the furnace atmosphere. This water vapor may be present either 
from charging moist ware in the furnace or from the products of com- 
bustion of the fuel. Where the amount of moisture is not great the 
defect may take the form of a slight iridescence. 

Iridescence is probably the most common defect caused by the 
atmosphere in an enameling furnace. It is also the least serious, and a 
slight iridescence is often neglected or allowed to go unnoticed. 

The formation of a white scum on enameled ware after being fired 
is caused by the presence of sulphur. This sulphur may come from the 
enamel materials, the water, or the furnace atmosphere. It is easily 
recognized, since it has a salty taste. It can be washed off of the ware, 
but will usually re-form in a short time. It is chemically a combination 
of sodium, potassium, and calcium sulphates,^ AYhich when fused are 
immiscible with the enamel glass. It, therefore, floats to the surface 
during the firing operation. When cool it hydrates, taking up moisture 
from the air and producing the white scum. 

Sulphur scum is sometimes formed by as low as .002 per cent 
sulphur oxide gases in the atmosphere of the furnace. It is possible for 
the atmospheres in congested industrial districts to contain this amount 
of sulphur dioxide ; thus even an electric furnace is not proof against 
possible gassing. It must be remembered that even when the furnace 
gases do not contribute enough sulphur to cause trouble they may, -with 
that added from the atmosphere of one of these congested districts, 
contain a detrimental amount. 

In one case^ the author’s attention was called to a sample of 
enameled ware in which a yellow enamel design was fired over a black 
background, in an electric furnace. The black enamel had all the 
appearance of having been scummed by sulphur, as was actually the 
case. The yellow enamel was colored with a yellow stain, which con- 
tained cadmium sulphide. Some of this sulphur was driven off in firing 
the yellow enamel and it attacked the black background. On reversing 
the procedure and firing the yellow coat first, the difficulty was entirely 

* An X-ray analysis of this material showed that it was nat a simple sulphate, but prob- 
ably one of complex nature. 
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eliminated, since the yellow enamel when once melted down ceased to 
give off sufficient sulphur to scum the black enamel. Many peculiar 
cases of gassing by sulphur are encountered, but, once the enameler 
becomes familiar with this defect, he will recognize it, as sulphur is 
different from all other types of scum. 

In the firing of cobalt ground coat sheet iron enamels of the com- 
mon type, it is necessary to have some atmospheric oxygen present 
in the furnace atmosphere, otherwise good adherence is not obtained 
and a ruffled appearance is produced. The fundamental reasons for 
this are not understood, but they are probably closely associated with 
the development of adherence. It is possible that enamels may be 
developed or conditions modified whereby it will be not only possible 
but desirable to fire enamels in atmospheres of low oxygen content. 
It is quite probable that, if such are developed and neutral atmos- 
pheres are used, the high grade enameling irons will no longer be nec- 
essary. Reducing or neutral conditions might thus inhibit the gassing 
of iron by preventing the oxidation of carbon and other impurities. 

Some enamels are much more sensitive to gassing than others, but 
at the present time the information on this subject is quite limited. Dry 
process cast iron enamels are much less sensitive than sheet iron enamels 
and have actually been fired commercially in the products of com- 
bustion of coal gas. Many cast iron enamels are fired in furnaces where 
appreciable amounts of gases actually enter the firing chamber. 

ENAMELING FURNACES 

Box Type Furnaces. The enameling furnace has undergone many 
changes since the introduction of enameling in America, yet some of 
the furnaces used today have the same fundamental designs as those 
originally brought over from Germany. 

Early Muffle Type. The early enameling furnaces were of the full 
muffle box type, constructed chiefly of fire clay refractories. The 
muffles were very thick, sometimes being built of standard fire brick, 
laid so that the heat from the combustion chamber had to pass through 
four and one-half inches of fire clay refractory. In the better furnaces 
fire clay slabs w^ere used. These early furnaces were fired with coal in 
a combustion chamber under the hearth, the hot gases passing up 
around the walls of the muffle to a flue in the roof of the furnace. The 
front of the furnace was closed with a refractory door and the ware 
was charged and removed from the furnace by means of a large fork, 
suspended by a chain and tilted or swung into position by the operator. 
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FIGURE 85 

Flow Sheet for Firing Sheet Iron Enamels 
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EIGUBE 86 

Plow Sheet for Firing Wet Process Cast Iron Enamels 
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The diagram shown in Figure 88 illustrates the construction of 
these muffle box type furnaces. 

These muffle furnaces served very well in the early days when the 
production was low and coal was used as fuel, but with the introduction 
of oil and gas fuels many difficulties were encountered. The efficiency 

. FIGURE S7 
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was low and the high temperatures produced by these new fuels caused 
the refractory clay muffles to fail. The products of combustion were 
no longer under a reduced pressure and they leaked through the muffles 
and damaged the ware. 

Semi-Muffle Type. To improve the fuel efficiency of the furnaces, 
the semi-muffle type shown in Figure 89 was developed. In this furnace 
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the flame and products of combustion passed from the combustion 
chamber under the floor of the furnace up along the side walls and 
back of a muffle extending only a few feet from the floor of the furnace. 
The gases then followed the side walls and crown of the furnace to the 
flue located at the top of the crown. 

This semi-muffle type of furnace had a lower upkeep and greater 
fuel efficiency than the full-muffle type, but the enamels were often 
affected by the. combustion gases and the quality of the ware suffered. 



Fuu- MUFfLt Typ£ GE/iMA^f 

Used Zn Cos/i\/£CT/car /890 

Figure 88. 

Early Full -Muffle Box Type German Furnace.* 

Intermittent Type. The intermittent type furnace was designed to 
eliminate the difficulties from the gases of the semi-muffle type and to 
retain the increased £uel efficiency. 

No muffle was used in the intermittent type furnace, the gas or oil 
being fired in the enameling chamber. When the furnace walls had 
absorbed enough heat and the desired temperature was reached, the 
burners were shut off and the w^are charged into the furnace through 
the door. As the door opened, any residual gases from the fuel rushed 
up the stack. The door was then closed and the enamel ware was fired 
from the residual heat in the walls of the furnace. On removing the 

* F. S. Markert, Thesis, University of Illinois (1933). 
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ware from the furnace the cycle of operations was again started, the 
burners being turned on for another heat. 

This type of furnace was quite successful and a few of them are 
still in use. When these furnaces were designed the time lost during 
the heating operation was utilized in charging the fork for the nest 
burn, but when the speed forks were introduced this loss of time became 
more objectionable, because the added rate of production could not be 
utilized. Another frequent objection to the intermittent type of 



Figure 89 . Figure 90 . 

Semi-Muffle Box Type.t Intermittent -Fired Box Type.'^ 


furnace is that the ware is fired over a period of decreasing tempera- 
tures. It is charged to the furnace at a high temperature and the firing 
is finished at a low temperature. This is not objectionable for light 
weight stock, such as kitchen ware, but with heavier gauge iron the 
enamel melts before the iron comes up to temperature. This may be 
objectionable, since uniform heating is the desired condition in all 
enamel firing. Figure 90 shows the general design of the intermittent 
type furnace. 

Modern MuflBie Type. With the improvement of muffle refractories 
the full-muffle type of furnace again gained popularity. These refrac- 

t lUd 1. 

** Ibid 2. 
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tories were made of silicon carbide and fused alumina, which, with 
their strength at high temperatures and their good thermal conduc- 
tivity, added greatly to the efficiency of the muffle furnace. The shapes 
could be made as tiles with tongue-and-groove joints, so that the muffle 
was not only thin, but much tighter than those previously used. The 
new furnaces were designed for the fuel to be used and were much more 
efficient than the older types. Various seheiiies were used to increase 
the radiating surface of the muffle and automatic temperature control 
was introduced. The charging apparatus was improved so that the 
furnace could be utilized to capacity. 

A modern box type muffle furnace is shown in Figure 91. It is fired 
by burners in the back and under the hearth. The gases rise around 
the muffle and pass through the heat reclaimer to the stack. This 
furnace is built with the V-type Manion hearth, which greatly increases 
the radiating surface. The muffle is constructed of alundum tile and 
the floors are built up of alundum brick. Kaolin brick are u.sed for the 
support of the ware and the muffle. The chamber around the muffle is 
lined with fire clay brick, backed up with insulating brick. Common 
brick are used for the outside walls, and I-beams act as buck stays to 
retain the shape of the furnace. When this type of furnace is fired 
with oil, one burner may be sufficient, but when fired with gas, as many 
as a dozen burners may be used. 

Markert states that the average fuel consumption of this furnace, 
operating at 1540-1580° F, is sixteen to eighteen gallons of oil, 2600- 
3000 cubic feet of artificial gas (550 BTU), or 1300-1500 cubic feet 
of natural gas (1050 BTU) per hour and that the capacity is twelve 
loads of ware per hour, or an average of 600 square feet of eighteen or 
twenty gauge ware. 

Another modern box type muffle furnace used for wet process 
enamels is shown in Figure 92. This furnace is similar to the one 
described in Figure 91, except that it has the conventionally shaped 
muffle of silicon carbide and a heat reclaimer. Typical muffle sizes are 
shown in Table 43. 



TABLE 43 



Muffle Sizes 


Height 

Width 

Depth 

24-36" 

48" 

12' 

24-36" 

54" 

12' 

24-36" 

60" 

12' 


^ r. S. Markert, The Development of a Continuous Enameling Furnace, Thesis, Univer- 
sity of Illinois (1933). 
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Silicon carbide lias a very high, thermal conductivity, which greatly 
improves the efficiency of this furnace over the fire clay type. The drop 
in temperature between the combustion chamber and the inside of the 


muffle is not so great with the 
silicon carbide; therefore the 
temperature in the combustion 
chamber need not be carried so 
high. This decreases the cost of 
fuel and prolongs the life of 
the refractories. 

The floating-fiue type of 
muffle furnace is shown in Fig- 
ure 93. This furnace repre- 
sents a method of greatly in- 
creasing the radiating surface 
of the muffle. The gases from 
the combustion chamber enter 
the floor of the muffle, pass up 
and around the firing chamber 



through tubes to a collecting 


flue in the roof, and thence to the 
stack. Since these hollow tubes 
are thin walled and made of re- 
fractories having good thermal 
conductivity, the heat from the 
gases is readily transferred to the 
firing chamber of the furnace. 

A modern sanitary ware fur- 
nace is shown in Figure 94. This 
furnace is designed for dry pro- 
cess enameling with a large, well 
supported floor of silicon carbide 
and a muffle on each side. It also 
has a recuperator to conserve the 
heat carried out of the furnace 
with the flue gases. 

An electric box type furnace 
is shown in Figure 95. The resis- 



Figube 93 . 
Floating Flue Type. 


tance elements in this furnace are placed in the roof and the floor, 


although in many designs they are located on the side walls, back, and 


door of the furnace. The elements are a nickel chromium alloy and are 



Figure 94. Modern Sanitary Ware Furnace. 
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satisfactory for temperatures up to 1800° F. The advantage of the 
electric furnace is the absence of combustion gases and the elimination 
of the muffle. 

CONTINUOUS ENAMELING FURNACES 

Although the intermittent batch type furnace has been developed 
to a greatly improved efficiency, certain fundamental faults cannot be 
overcome. It does not fit in well with continuous production, where the 
ware moves from one operation to another without interruption. It 



Figure 95. 

Electric Box Type Furnace. 


also has the disadvantage of not reclaiming the heat lost in the cooling 
of the ware. The enamel enters a hot furnace and leaves a hot furnace 
very suddenly, which is not in accord with the principles for attaining 
uniform heating and cooling. The development of a continuous 
enameling furnace has been, therefore, a natural result. Early 
attempts in this direction met with many failures before they were 
successful, but each attempt was encouraging and now the modem 
continuous furnace is rapidly replacing a great many of the inter- 
mittent type. 

Circular Enameling Furnace. The first successful continuous fur- 
naces were of a semi-automatic type, being circular and charged and 
discharged by hand. A single opening was used for both charging and 
discharging the ware, which was fired as it passed around the circular 
path through the hot furnace and back to the opening. Two types of 
conveyors were used, the platform and the overhead types. It was 
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about this time that the electrical resistor elements came into common 
use, making it possible to heat these furnaces electrically. The burning 
tools on both the platform and overhead conveyors were made of the 
heat resisting alloys, thus reducing the weight and the accompanying 
loss of heat. The overhead conveyor consisted of a large iron wheel 
with rods hanging from the circumference through a slot in the top of 
the furnace. The ware was hung on these rods. This circular type of 
semi-continuous furnace is shown in Figure 96. 

These furnaces were successful for certain types of ware and a few 
of them are still in operation. They did not, however, meet the diversi- 



Eigitre 96 . 

Circular Slotted-Eoof Type and Circular Hearth-Conveyor Type.* 


fied demands of the industry. They subjected the workers to consider- 
able heat and the capacities were comparatively small. They were not 
adapted to gas or oil fuel and the labor required show’^ed little saving 
over the intermittent type of furnace. 

Tunnel Furnace. The first successful, really continuous enameling 
furnace was put into operation in 1924. It w^as a straight line furnace 
built with two tunnels side by side, which were 135 feet long and 
divided into a heating zone, a 26-foot firing zone in the center, and a 
cooling zone. The ware was conveyed through the furnace by an over- 
head continuous conveyor traveling 9^/2 feet per minute. This conveyor 
was mounted on sprockets at the ends of the furnace, which provided 
the turn so that the movement was in one direction in one tunnel and 
in the opposite direction in the other. This permitted the cooling ware 
on one side to warm the heating ware on the other. The conveyor 

* F. S. Markert, Thesis, University of Illinois (1933). 
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proper was hung above the furnace and from this, rods extended down 
through a slot in the top of the furnace, supporting the burning 
(firing) racks. The conveyor extended sixteen feet beyond the brick- 
work at one end and thirty-six feet beyond it at the other. This gave 
ample space for loading and unloading the ware. In the plant where 
this furnace was first installed, twenty-five per cent less floor area was 
required than formerly. The labor was reduced by one-half and the 
fuel cost by one-third.^® 

An oil-heated muffle in the bottom supplied 85 per cent of the heat 
and electric resistance elements along the side walls furnished the 
remainder. These electric elements ivere controlled automatically so 
that the temperature of the furnace could be kept constant. 

The production of this furnace was very satisfactory, kitchen ware 
of twenty-four to twenty-eight gauge being fired together. The produ^ 
tion was 500,000 pieces of two- and three-coat 'ware per month. Later 
this furnace was changed to gas fuel and the electric elements wer^ 
eliminated. The gas was put under automatic control. 

Designs for Continuous Furnaces. Following the success of this 
furnace the continuous enameling furnace developed rapidly and 
many new designs and modifications came into existence. The diagrams 
in Figure 97 show some of the designs brought into use. Furnaces (a), 
(c), and (h) are the most common and generally accepted designs. 

The original type of furnace is represented by (a), (b) being a 
modification of it with only one tunnel. This furnace has several dis- 
advantages which are difflcult to overcome. Since it is a straight- 
through furnace 'with the hot zone in the middle, there is a strong 
tendency for air currents to pass through the furnace and reduce the« 
efficiency. This can be largely overcome by the use of the air screen, 
which was soon introduced. Another disadvantage of this furnace is its 
length, which makes it difficult to fit into most shops. The floor space 
required is large and the fact that the ware charges and discharges 
from the two ends makes supervision difficult. 

The U or hairpin type of continuous furnace (c) was designed to 
eliminate these faults and, so far as space is concerned, it is a decided 
improvement. Heat loss through the doors was, however, still an 
important consideration and the air screen was used. Types (d), (e), 
and (f ) were designed to improve this and to eliminate the congestion 
of the ware in the hot zone at the turn. In the U-type of furnace 

^“Robert McDougal, Continuous Furnace Enamels, 500,000 Pieces Per Month, Ceramic 
Industry VIII, 209 (1927). 
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space must be left between tools to permit the turn without wrecking 
the ware. 

The incline furnace (h) was designed to pocket or trap the hot 
zone at a high point in the furnace, thereby preventing air currents 
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The vertical furnace (g) was designed with the same purpose in 
mind as the incline furnace, viz., to trap the hot air. Since hot gases 
rise, it was believed that the circulation in and out of such a furnace 
would be at a minimum. This furnace, however, must have hanging 
tools so that the ware can pass from an upward to a downward direc- 
tion. This brings about a new difficulty, namely : the top of each piece of 
ware enters the furnace first and leaves last, therefore, it receives a 
harder firing than the bottom. For ware of small size or ware fired in 
a horizontal position this difficulty is not important, but clearance at 
the change of direction limits the size and amount of ware. 

The design of the muffle, the proportions of the furnace, and the 
general construction represent much of the progress in continuous 
furnace development. It is througli the combined efforts of the 
enameler and the furnace engineer that great progress has been accom- 
plished. 

All continuous enameling furnaces can be divided into the firing 
chamber, the preheating, and the cooling zone. The firing chamber must 
be of a muffle t 3 ^pe, if either gas or oil is employed, but may be direct 
fired, if electric resistance units are used. The latter offers the simpler 
problems of construction, since the temperatures nowhere exceed 
1800° F and the muffle construction is entirel}^ eliminated. Heat dis- 
tribution is a matter of proper distribution of the resistor elements 
and there is an automatic oft-and-on control. Combustion gases are 
not encountered and the usual gases which may collect in the furnace 
escape through the conveyor openings in the crown. 

The gas- or oil-fired furnaces may have temperatures of 2200°-2300° 
F in the combustion chamber when the firing chamber within the muffle 
is no higher than 1600° P, This introduces added problems in the 
choice of refractories and proper construction. Since the products of 
combustion from gas or oil must not enter the firing chamber, a tight 
muffle and proper design of fines and combustion chambers is necessaiw. 

In the early furnaces the fuel was fired in one large chamber under 
the fioor of the muffle, but in the more modern types the V-bottom and 
the multiple combustion chambers are being used. The multiple trans- 
verse combustion chambers are used in the U-type furnace, the alter- 
nate chambers being fired from opposite sides and the products of 
combustion passing up the sides of the furnaces back of muffles to 
tunnels under the floor of the preheating chamber. The gases are then 
drawn off to the stack. The muffles are constructed of alundum or 
silicon carbide to give resistance to high temperatures and high thermal 
conductivity. Automatic burner control and sometimes automatic 




Figure 98. Modern U-Type Continuous Furnace. 

Markert, Thesis, University of Illinois (1933). 
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stack draft control are used on these furnaces. Pre-mix gas burners 
are usually employed to give complete combustion, and where fuel oil 
is used the oil and air pressures should be controlled. Secondary air 
may be admitted in the latter case, but in the former all the air needed 
enters the pre-mix chamber. A typical oil installation will use air at 
sixteen ounce pressure and the fuel oil at about twenty pounds and 
both are supplied to the several burners from a single pressure source. 

The length of the firing chamber varies with the desired production 
of the furnace. With a long firing chamber, the enamel is properly 
fired wuth a fast moving conveyor chain, wdiich results in large pro- 



Figure 99. The Air Curtain in a Continuous Furnace.* 

duction. If the firing chamber is short, the conveyor (and production) 
must be slowed down ; otherwise the ware will not remain long enough 
at the firing temperature to fuse the enamel properly. 

The preheating and cooling chambers also vary in length from 40 
to 80 feet. The longer zone gives increased economy of fuel and furnace 
efficiency, but the shorter zone does not take as much floor space in the 
enameling shops. An air curtain, Figure 99, is often used in this zone 
of the furnace to aid in the transfer of the heat from the cooling to the 
preheating ware. It usually consists of a motor-driven, large capacity 
blower, which draws the heated air down into a chamber under the hot 

* Ibid. 
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outgoing ware and blows it up through openings in the floor under the 
ingoing ware. The air flow is very slow, but by circulating it over the 
hot emerging ware and then over the ware being heated, the heat 
transfer is accomplished. Since these air currents are transverse to 
the tunnel, they aid in preventing longitudinal draft currents and 
improve the uniformity of the temperature in the whole furnace. 

In the early installations of continuous furnaces hot air poured out 
at the tops of the doors and cool air poured in at the bottoms. This 



resulted in a great loss of heat and unevenly cooled and preheated 
ware. To prevent this an air seal or screen is usually installed at the 
openings where the ware enters and leaves the furnace. This air seal, 
Figure 100, consists of a current of air produced by a small motor- 
driven blower, •which collects air in a hood over the furnace opening 
and bloAvs it through a slit placed directly under the opening, so that a 
thin layer of rapidly moving air extends from the slit to the hood. This 
air screen prevents cold air entering or leaving the furnace. 

The conveyor for most continuous enameling furnaces is an over- 

* Ibid. 
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head continuous chain, but in a few cases the floor conTeyor is used, as 
shown in the diagram of the enameling furnace in Figure 102. 

This latter type of conveyor must necessarily contain more weight 
than the overhead conveyor, but in some eases the saving in tooling 
weight compensates for this. 



Figure 101 . 

A Section Through th© Firing Zone of a Continuous Furnace. 


The overhead conveyor is generally supported by a steel frame and 
is built outside of the furnace, rods extending to the interior through 
a three-inch slot in the roof of the furnace. The tools supporting the 
ware are hung on these vertical rods. Sometimes a hood is built over 
the conveyor to prevent a draft from the interior of the furnace 



322 


ENAMELS 


passing through the slot. In the preheating and cooling zones this hood 
is tight, but in the hot zone a small amount of air is allowed to escape, 
to ventilate the furnace and to prevent the concentration of the heat at 
the conveyor. The objections to the overhead conveyor are the danger 
of falling dirt and the construction difficulties. In some installations, 



the conveyor passes through a brush and air cleaner after each passage 
through the furnace. 

The metal parts within the furnace are made of heat-resisting 
alloys, such as those shown in Table 44. 

TABLE 44 

Alloy Analyses (Maekert) 


Gast Rolled DrdW'n 

Nickel SO^ii 30-34 ^ 

Chromium 18-22 18-22 20 

Manganese 2.5-S.o 2. 5-3. 5 trace 

Silicon 1.5-2.5 1.0 max. trace 

Carbon .4 max. A max. trace 

Iron balance balance trace 


An alloy, to be suitable, must withstand the heat, must not oxidize 
or scale excessively, must be strong at the temperatures of the furnace, 
and must withstand repeated heating and cooling. 

The tools are made as light as possible in order to reduce the amount 
of heat loss. Where intricate shapes are used the cast alloy is more 
suitable, because it avoids the necessity of welds, which are difficult to 
make and have a tendency to crack and warp. The drawn wire is 
common for hooks and braces. 

The production of enamel ware in a continuous furnace depends 
upon a great niany factors and is difficult to predict or even approx- 
imate. The total quantity to be produced and the uniformity from 
hour to hour, day to day, and even season to season affects the produc- 
tion figures. The variety of ware, such as sheet iron or cast iron, the 


CONTINTIOTJS PUENACE PRODUCTION 



1-7. P. S, Markert, Thesis, Oeramic Dept., University of Illinois, Urbana, Illinois (19311). 
8-9. Oeramic Industry, 285 (1930). 
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shapes, and the amount of tooling necessary afEect the production. The 
enamel characteristics, the number of coats, the amount of decoration, 
and the efficiency of the plant operation must he considered. Such 
varying conditions make every installation of a furnace an individual 
problem. 

The production figures presented in Table 45 are, therefore, 
approximations representing certain set conditions. They give some 
idea of the production of continuous furnaces, however, and are pre- 
sented for this purpose. 

Figure 98 shows a plan view and a longitudinal section of a con- 
tinuous fuel-fired U-type furnace, and Figure 101 shows a vertical 
section through the firing zone in a tunnel type continuous furnace. 
Figure 102 shows a furnace in which the conveyor is on the floor of the 
furnace, thus eliminating tool weight, birt adding to the conveyor 
weight. 

Note; In appreciation the author wishes to acknowledge the co-oper.ation of The Carborun- 
dam Co. and The Ferro Enamel Corp. in furnishing certain of the furnace diagrams contained 

! r» « Tl+.ftl" 



CHAPTER 12 

Enamel Properties and Tests 

Although enamels have reached a state of wide application, the 
tests -used to determine their properties have not been generally stand- 
ardized. This is probably the case because the varied uses, to which 
enamels are put, subject them to different requirements. It is not 
possible to obtain the highest excellence of all properties in one enamel ; 
therefore certain properties are sacrificed to permit the improvement 
of others, which for some particular use are more important. Thus, 
the high first gloss or the fusibility may be sacrificed in some degree to 
improve the acid resistance. Acid resistance may be sacrificed for 
alkali resistance and vice versa. 

THERMAL PROPERTIES 

The properties of enamels related to temperature or temperature 
changes are (a) fusibility and fluidity, (b) thermal expansion and 
contraction, (c) resistance to thermal shock, (d) thermal conductivity, 
and (e) miscellaneous properties, such as specific heat, radiation, 
reflection, and surface tension. The fusibility of enamels and the fluid- 
ity in the molten state are of primary importance in the smelting and 
firing of enamels. The other properties are important in both the 
processing and the finished ware. 

FUSIBILITY AND FLUIDITY 

The fusibility and fluidity of enamels are essentially controlled by 
the compositions. However, the compositions of enamels are so com- 
plicated, that any method for calculating the fluidity or fusibility, 
theoretically, will be either very complicated or empirical. Many 
attempts have been made to discover satisfactory factors for calculat- 
ing the fusibilities of glasses. Some of the proposed fornmte have been 
applied to enamels, but the results are of limited value, and are 
applicable only to glasses lying within a narrow range of composition. 
However, some of these factors show considerable promise in the calcu- 
lation of the fusibilities of enamels. 

Staley,^ in a series of articles extending over a number of years, 
has developed a set of factors for calculating the fusibility of enamels. 
In their most recent form they are as shown in Table 46. These factors 

1 U. S. Bur. Std- Tech. Paper, No. 142 (1919) ; Ceramist 6, 384 (1925) ; M. E. Manson, 
A. P. Woolfolk, R. C. Boyd, A. Malinovzsky, and H. F. Staley, Ceramist 8, 38 (1926). 
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TABLE 46 
Eefractory Index 


Factors for Refractories 

Silica 1 

Alumina 3 

Factors for Weak Fluxes 

Calcium oxide 0.5 

Magnesium oxide 0.5 


Factors for Strong Fluxes 


Boric oxide 1 

Potassium oxide 2 

Sodium oxide 2 

Lead oxide 1 

Fluorspar 1 

Zinc oxide 1 

Zirconium silicate 1 


are used by multiplying the percentages of the different constituents in 
the melted composition by the assigned factors. The refractory index 
is represented by a figure obtained when the sum of the products 
obtained from the refractories is divided by the sum of the products 
of the fluxes. An example of the calculations as used by Danielson 
and Tetriek^ is as follows : 


Calculation of Eefractory Value cent 

Melted 

Materials Amounts Constituents Melted Comp. Composition 


Quartz 

28.1 

SiO^ 

28.1 1 

1 49.2 

L 


1 

rSiOo 

21.1 J 

r 

Feldspar 

31.5 J 

1 AI 0 O 3 

6.0 

6.0 


1 

[NasO + K .0 

4.41 ^ 


Soda nitre 

4.0 

Na,0 

1.46 






j> 1 S .9 

Soda ash 

9.2 

Na.O 

5.32 

i 

Borax 

47.7 ^ 

C Ka:0 

7.71 J 





17.5 

17.5 

Fluorspar 

6.0 

CaF, 

6.0 

6.0 

Metallic oxide 

2.4 

Metal oxide 

2.4 

2.4 


100.0 


Refractories 

SiO^ 49.2 X 1 == 49.2 

AI 2 O 3 6.0 X 3 = 18.0 

Sum of Products 67.2 


Fluxes 

Na^O + E:.0 18.9 X 2 = 37.8 


B.Oa 17.5 X 1 = 17.0 

CaFs 6.0 X 1 = 6.0 

Metal oxides 2.4 X 1 = 2,4 


Sum of Products 63.7 

67.2 

, Eefractory value = == 1.06 

63.7 

* R. R. Danielson and Tetricfc, Viscosity and Reboiling of Blue Ground Coats, Presented 
at the Meeting of the Am. Ceram. Soc., February (1934). 
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The results of the calculation for five sheet iron ground coats and 
a comparison with the results of the fusion block test are shown in 
Table 47. A close relationship is indicated. 

TABLE 47 

COMPARISO<N OP THE EkPRACTORT IlsTDEX WiTH EeSULTS FROM 
THE PusiON Block Test 


Enamel 

Refractory 

Fusion Block 

Index 

Flow in Xotches 

A 

0.74 

64- 

B 

0.87 

5 

0 

0.96 

4+ 

D 

1.06 

3 

E 

1.13 

2 


The fusibility of sheet iron ground coats, determined experiment- 
ally by means of the interferometer, is shown in Figure 103. 


Borax 

81 % 



Figure 103. 

The Fusibility of Sheet Iron Ground Coats in Degrees Fahrenheit. 


These data show that an increase in the borax content of the batch 
produces a decided lowering of the softening temperature, an increase 
in the quartz content of the batch produces a decided increase in the 
softening temperature, while feldspar has little effect on the softening 
temperature of the sheet iron ground coat when substituted for borax 
and quartz. To convert these values to factors would, however, be 
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misleading, as they are not applicable quantitatively to other types 
of enamels. 

The effect of the fluorides on the fusibility of sheet iron cover 
enamels as indicated by the interferometer test is shown in Figure 101 
With the exception of the method of maximum heat absorption, 
all of the tests for the fusibility of enamels involve the property of 
fluidity. The enamel glass gradually loses its rigidity on heating and 


Cryolite 

14 ^ 

A 



Figure 104. 

The Effect of Fluorides on the Fusibility of Sheet Iron Cover Enamels 
(Degrees Fahrenheit). 


softens until it flows. If the enamel melt is mobile, the fusion point is 
quite abrupt, but if it remains viscous, it is gradual and difficult to 
detect. 

The cone fusion test, the button test, the fusion block test, the 
interferometer test, and the test for maximum heat absorption are the 
most satisfactory for determining the fusion points of enamels. These 
tests are all more or less empirical, but they give relative fusion temper- 
atures, which are of value in the comparison of different enamels. 

The Cone Fusion Test. The standard method® for the cone fusion 
test, as adopted by the American Ceramic Society, is as follows : 

® The Standards Report of The Am. Oeram, Soc., J. Am. Ceram. Soc. 11, 465 (1928). 
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This method is applicable to frits and miUed enameh 

(1) Preparation of Sample. A representative sample of frit or milled enamel 
should be thoroughly dried and ground in a porcelain pebble mill to pass a Number 
150-niesh sieve. 

(2) Test Pieces, The test pieces should be the size and shape of pyrometrie 
cones, tetrahedra % inch along the edge of the base and 214 inches high. They 
should be molded from a mixture of the powdered enamel and water with enough 
organic binder to iDroduce the necessary plasticity and cohesion. The test pieces 
should be thoroughly dried upon removal from the molds. 

(3) Mounting. The test pieces should be mounted on a plaque of asbestos 
board or strip of steel which has been coated with enamel. The base of the test 
pieces should be embedded in a plastic mixture such as 
sand, clay, and' water, and their troweled faces should 
make an angle of 82 ° with the plaque. One or two 
pairs of test i^ieces from one or two enamels should be 
placed on a given plaque in the manner shown in Figure 
105, permitting the end of the thermocouple to be equi- 
distant from the tips of each pair of test pieces without 
being touched thereby during deformation. The mount- 
ing should be thoroughly dried before being placed in 
the furnace. 

(4) Furnace. The furnace should be one which will 

give a definitely oxidizing atmosphere. It should be 
subject to accurate temperature control through the 
range 800 to 1600® F. It should be equipped with a 
pyrometer, the thermocouple of which should terminate 
near the center of the horizontal plane of the furnace 
and one inch or farther below the top. The pyrometer Figure 105. 

should be of such type as to afford an accuracy of itl0®F, Cone Fusion Test, 
with proper corrections for cold end temperature. 

(5) Placing of Test Pieces in Furnace, The mounting should be placed in the 
furnace in such a manner that the tips of the test pieces from each enamel are 
^ inch above the center of the thermocouple and horizontally equidistant there- 
from. 

(6) Rate of Heating. The furnace should be at or below 800® F when the test 
pieces are placed therein. The rate of heating should be the following: 

Start 800® F 

10 minutes 1020 

20 minutes 1150 

30 minutes 1260 

40 minutes 1370 

(7) ' Observation. The ^‘starting time” should be the instant that the pyrometer 
indicates a temperature of 800® F on recovering from the drop in temperature 
caused by the introduction of the test pieces. Each test piece should be observed 
separately with reference to the temperature of initial bending of the tip and 
final bending of the tip to the level of the base. The first observations should be 
averaged as the starting temperature ' ’ and the final as the ^^deformation temper- 
ature. The difference between the two should be taken as the deformation 
range. Two or more closely checking runs should he averaged for final results. 
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A. B. G. 


Degrees f. This test was adopted by the Enamel Division 
of the American Ceramic Society ^ in February, 


1640 

1600 

1560 

1520 

1480 

1440 

1400 

1360 

1320 

1280 

1240 

1200 


1930. 

The “Button” Cylinder Test.“ This method 
consists of heating pellets of the enamel glass 
on a panel placed horizontally for a sufaeient 
period of time to cause a softening of the glass, 
and then by means of a suitable device, alter 
the panel to a vertical position, with the result 
that the enamel flows down the vertical surface. 

For this method the number 60- to 80-mesli 
enamel is made into cylindrical pellets 1/2 inch 
in diameter and 1 inch high. They are then 
placed on a panel in a horizontal position in the 
furnace and heated for three minutes, when the 
panel is lowered to a vertical position. It is left 
in this position for ten minutes and then removed 
from the furnace. 

Figure 106' shows the results for three white 
cover enamels on a plate coated with ground 
coat enamel. It is evident from these results 
that A and B are more viscous than C. In some 
cases the enamel blisters at the high tempera- 
tures. Some enamels spread over the ground 
coat and others form a narrow stream. It is 
likely that surface tension and fluidity are as 
important as fusibility in this test, but the value 
of the test lies in the comparison of different 
enamels on the basis of these properties. 

A modification of this test, used at the Na- 
tional Bureau of Standards, gives numerical 
values for the fusion. In this test moistened frit 
was pressed into cylinders % inch in diameter 
and % inch tall. These cylinders were placed 
on a plaque and heated at a definite temperature 
schedule. As the temperature approaches the 
fusion point of the enamels they gradually slump 
down to the shape of a button. The end point 


■* Bul. Am. Ceram. Soc., 9, 269 (1930). 

FigtJBE 106. » C. J. Kinzie, Method for the Study of the Relative Viscosity 

Button Cylinder Test, of Enamel Classes. J. Am. Ceram. Soc., 15. 357 (193-). 
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was taken as the temperature at w'hicli the slumping down reached 
a certain height. 

The results of this test are definite values, reproducible and 
readily interpreted. 

The Fusion Block Test. The fusion block is a porcelain shape, such 
as is illustrated in Figure 107. 

The enamel powder is moistened and packed into the space above 
the incline, and allowed to dry. The block is then placed in the furnace 
at 600° C and heated 3° per minute. The enamel sinters, softens, and 
then starts to flow down the incline 
surface. The temperatures are taken at 
the start of flow and at the time the 
enamel stream passes each intersection 
on the incline. The temperature at 
which the enamel reaches the lowest 
intersection is usually taken as the 
fusion temperature. 

The Bead Test. In the bead test 
small chips of enamel (not over one 
millimeter in diameter) are placed on 
the flattened end of a thermocouple in 
a small, electric, tube furnace. A tele- 
scope is placed at one end of the tube, 
and a light at the other. As the tem- 
perature increases in the furnace, the 
small chip of glass first rounds off at 
the corners, then forms a globule and finally slumps down. The 
temperatures at these three points can be taken together as a measure 
of the fusibility, fluidity, and surface tension phenomena. 

This test has been used to some extent for the control of frits, but 
when different compositions are tested the behaviors can not be readily 
compared and interpreted. 

The Interferometer Test. In determining the coefficient of expan- 
sion of glasses by means of the interferometer, the expansion curve 
reverses when the enamel begins to soften. This offers a method for 
determining the fusion point of enamels, but it requires considerable 
equipment and technique, which limits its fleld of application. It is 
reproducible within 10° F and is a definite value, which makes possible 
the comparison of different enamels. The results of such a test on a 
typical field of sheet iron ground coat compositions are shown in 
Figure 24. 



Figure 107 . 
Fusion Block. 
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The Temperature of Maximum Heat Absorption. When an enamel 
is heated throiig'h the fusion temperature zone, heat is absorbed which 
probably represents the heat of melting. By heating the enamel 
through this zone, a break in the heating curve is obtained, such as that 
appearing in Figure 108. 



TIME— SECONDS 


Fiquke 108. 

Temperature Curve for Maximum Heat Absorption Test. 

The curve shows time interval required for 2.5° C increase in temperature at the average 
temperatiu'e (emf) indicated by each point on the curve. 


The point of maximum deflection of the curve is taken as the fusion 
temperature. The temperatures from the first break in the curve to 
the fusion temperature represent the annealing range. 

To make such a test the enamel is melted in a crucible, a platinum 
thermocouple being placed with the junction in the center of the 
enamel glass. It is then allowed to cool and solidify. On reheating at 
a constant rate, the temperatures and times are recorded, and plotted as 
shown in Figure 108. This gives the data for determining the fusion 
tcmuerature. 
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FUSION BLOCK 
FINISH 

FUSION BLOCK 
START 

■BUTTON 


•CONE FUSION 
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1382 


1292 


1202 


600 1112 

-INTERFEROMETER 

550| t022 

HEAT ABSORPTION 

500 934 


13 16 19 %Bz03 
17 14 II %NaiO 

Figure 109. Comparison of Fusion Methods. 

Frequently this test is repeated several times and values for similar 
points added together, thus making the interpretation more accurate 
because of compensating errors. 

A comparison of the fusion block, the button, the cone, the inter- 
ferometer, and the heat absorption tests was made by Harrison and 
Sweo.^ The relation of the different tests is shown in Figure 109. It is 

« W. K Harrison and B. J. Sweo, Bur. of Standards Jour, of Research, 10, 189 (1933). 
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evident that the results of the different tests do not check, but the 
relation is the same from one enamel to another, with any one test. The 
choice of a test is dependent upon convenience, inasmuch as all give 
satisfactory relative results. None of the results can be considered as 
absolute. 

The Trial Burn Test. The actual firing of enamel on test plates of 
metal is probably the most common control test of the enamel, not only 
for fusibility, but for numerous other properties. This test is also used 
for comparing the firing characteristics of enamels. A determination 
of the time and temperature producing best results, and the range of 
time and temperature producing satisfactory results, gives valuable 
information. To make such a test the trials are laid out with increasing 
times and temperatures, as shown in Figure 110. 


EIGUEE 110 

Plan for a Firing Test op a Sheet Iron Ground Coat 
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OF — overfired 
U F — underfired 
OK — properly fired 


The thickness of the metal stock, the thickness of the enamel 
coating, the fineness of the milled enamel, and the characteristics of the 
furnace affect the results and must be controlled. 

THERMAL EXPANSION AND CONTRACTION 

The expansion and contraction of enamels,^ with changes in tem- 
perature, are important, because the enamel must expand and contract 
with the metal base, subject to such conditions as elasticity, tensile 
strength, crushing strength, stress, and creep. Enamels do not gener- 
ally have the same thermal expansion and contraction as the base metal, 
but are able to remain as continuous coatings, because these other 
factors come into play to equalize or oppose the strain. The test 
methods for thermal expansion are quite accurate and satisfactory. 


Por complete discussion, see page 38. 
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The Interferometer Test. The procedure used in the author 's labor- 
atory and found to be satisfactory is as follows : 

The frit is dry ground in a ball mill to pass a number sixty standard 
sieve and then thoroughly mixed by rolling on a square of paper. 
x4.pproximately 50 grams of the mixture is then remeited in a platinum 
crucible in a small, vertical, platinum resistance, tubular, electric 
furnace. 

After the glass has been held in a fluid condition, with frequent 
stirring, for about an hour, the temperature is lowered until the glass 
is sufficiently viscous to allow the drawing of a rod, approximately 



one-eighth inch in diameter, from the melt. This rod, about six inches 
long, is placed in an electric muffle furnace (14 by 7 by 5 inches). A 
small thread of the same frit, six inches long by one thirty-second of an 
inch in diameter, is supported in cantilever fashion at one end, and 
placed in the same furnace. The temperature of the furnace is then 
raised at a rate of twelve degrees Centigrade per minute until the 
thread begins to bend. The temperature is then held constant for 
fifteen minutes to allow for the adjustment of strains. This tempera- 
ture is noted as the annealing temperature, and the sample in the 
furnace is allowed to cool eight hours to room temperature. 

When cool, the rod is removed from the furnace and ground with 

* Uni. of 111., Eng. Exp. St., Bui. 193. 
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silicon carbide powder on a lap wheel, to a blunt point. The rod is then 
scratched with a file and broken off about one-half centimeter below 
the point. This process is repeated until six pointed specimens are 
obtained. The bases of these specimens, are ground to a plane surface 
with a coarse abrasive and then they are further ground on a fine 
silicon carbide stone until the heights are the same within 0.0002 
centimeter, when measured by a micrometer caliper. 

The three specimens are placed between the interferometer plates, 
and the heights still further adjusted until there are from eight to 
twelve fringes in the field of view. When a satisfactory field is 
obtained, the specimens are removed, measured accurately by the 
micrometer caliper, and replaced between the interferometer plates. 

The interferometer is placed in a small, vertical, chromel resistance, 
tubular, electric furnace. The temperature of the furnace is then raised 
at the rate of about eight degrees Fahrenheit per minute and the 
temperature at which each second fringe passes a reference point is 
noted. From these data it is possible to plot the expansion curve and 
calculate the linear coefficient of thermal expansion of the enamel. 

The cubical coefficient is obtained by tripling the linear coefficient. 
A correction is made for the change of the index of refraction of the 
air in the furnace with increasing temperature. Two sets each of three 
specimens of each enamel are run as checks. 

The equations used in calculating the data to expansions are : 

Ny Ny 

AL = C = 

2 2LAt 

where AL == change in length 

y == wave-length of helium light (yellow) 

N = number of fringes that passed the reference mark 
C = mean coefficient of thermal expansion 
t = temperature range over which measurements were taken 
L = initial length. 

The furnace can be calibrated in two ways: (1) by inserting a 
standard thermocouple among the specimens, and (2) by running a 
platinum specimen and calculating the temperature from the known 
expansion of platinum, which is accurately given in the International 
Critical Tables. The two methods of calibration should give the same 
correction values within one per cent. 

A typical set of expansion curves is shown in Figure 27. 

The extreme sensitiveness of the Fizeau-Pulfrich interferometer 
method, which permits the use of very small sizes of samples, greatly 
simnlifies the nroblem of uniform heating and temperature control 
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The annealing conditions and the preparation of the sample must 
be rigidly adhered to, otherwise consistent results cannot be obtained. 
Each time an enamel is reheated, it changes in composition and prop- 
erties, therefore, repeat tests on the same sample cannot be run. 

The Extensometer Test. The extensometer test requires an enamel 
rod about six inches long, which has been thoroughly annealed. This 
rod is placed in a vertical position in 
a furnace similar to the one shown 
in Figure 112, and the expansion is 
measured directly by means of an 
extensometer dial. The care in the 
preparation of the sample is the same 
as for the interferometer test. 

The Dilatometric Method. The di- 
latometric method for the expansion 
of glass ’was probably developed by 
DuLong and Petit, ^who filled a glass 
vessel with mercury and calculated 
the cubical expansion of the glass by 
determining the amount of mercury 
expelled during the expansion of the 
glass. 

During the last ten years English 
and Turner ^ have employed this 
method for a very systematic study 
of the thermal expansion of simple 
glasses. Carefully annealed cylindri- 
cal bulbs have been used as containers 
for the mercury. Work has, however, 
been limited to temperatures below 
one hundred degrees Centigrade. EmuEE 112. Extensometer. 

® ° A, specimen; B, Quartz rods; C, In- 

The Enameliner Test. A test of the suiation; e, Dial; f, insulating Coii; 

® r* Frame; K, Support. 

thermal expansion and contraction of 

enamels which has offered some promise is that of measuring the dis- 
tortion of the metal by the enamel. In cooling a sheet of light gauge 
metal, which has been fired with an enamel on one side only and which 
has a different thermal contraction from the iron, a warping to or 
away from the enamel is noted. This can be used as a basis for deter- 
mining the thermal expansion and contraction of the enamel. Such a 
test was conducted in the author’s laboratory, in which strips of 30 

^ Jour. Soc. Glass Tech., 3, 239 (1919). 
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gauge metal were enameled on one side only and then heated in a 
vertical position, the deflection being measured with a cathetometer. 
Although not yet developed to an exact method, it shows promise. 
W. N. Harrison reported a similar test in which metal rings about one 
inch wide and three inches in diameter were enameled.*^ They were 
then cut open and reheated, the opening and closing of the rings being 
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a measure of the unequal expansion and contrac- 
tion of the enamel and the iron. These results are 
very promising, since the actual conditions that 
exist when enameled ware is heated and cooled 
are simulated, and the relation is followed 
throughout the whole range of temperature. 
This test, applied to ceramic bodies and glazes, 
was first tried by Schurecht and Pole.*’ 

THERMAL SHOCK 

Enamels have an advantage over most fin- 
ishes in that they will withstand relatively high 
temperatures and repeated heating and cooling 
without deterioration. The rate of temperature 
change or the thermal shock which enamels will 
withstand is limited, however, and varies with 
different enamels. Few enamels will withstand 
severe thermal shock, but a good enamel surface 
should be resistant. The earliest tests on resist- 
ance to thermal shock were applied to kitchen 
ware. Small enameled dishes were heated and 
quenched in water. The temperature of heating 
controlled the severity of the test.^^ 


Eigukeiis. The Water Drop Test. One of the most re- 

thermal shock of enamels is the 
water drop test,^^ which consists of heating the 
specimens of enameled iron to 360° C (680° F), and causing water to 
drop on the enameled surface at a constant rate of one drop every 
twenty seconds for a period of thirty minutes. The apparatus used is 
^hown in Figure 113. The test is made by placing the test piece over 
the hot plate and allowing the water to start dripping on it as soon as 


® Meeting of the American Ceramic Society, February (1934). 

®H. Q. Schurecht and <3-. R. Pole, J. Am. Ceram. Soc., 13, 369 (1930), 

D. Landrum, Trans. Am. Ceram. Soc. 14 , 489 (1912). 

J. Kinzie, J. Am. Ceram. Soc., 12, 188 (1929) and also E. H. Shanda, The 
American Enameler, April-May (1932), 
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it reaches the temperature of 360° C. The results can be classified as 
(a) no attack, (b) slight crazing, (c) severe crazing, and (d) chipping. 

The Quench Test. Other tests for thermal shock include those in 
which test plates are heated to various temperatures and quenched by 
immersing them in baths of water, oil, and molten salts. Sodium 
nitrate, the eutectic mixture of sodium nitrate and potassium nitrate, 
or the ternary eutectic with calcium nitrate are quite suitable for the 
molten salts. The test is not severe, and has the objection that the 
quenching t(‘st is run abovcf the temperatures at which the enamels are 
ordinarily used. The use of an oil or an air-oil emulsion is quite satis- 
factory, but is troublesome, since the emulsion tends to break when 
heated. 

In some tests, the enamel test piece is subjected to steam, running 
water, or an airblast. None of these latter tests have been standardized, 
but they show that th(‘ ])ossil)ilities for developing a satisfactory heat 
shock test for enamels are very good. 

THERMAL CONDUCTIVITY 

The thermal conductivity of enamels is important from both the 
scientific and the practical view{)oint. A fundamental study of firing 
necessarily involves the radiating, reflecting, and conducting powers 
of the enamels. Little has been done on the subject from this stand- 
point, but considerable effort has been expended on the more practical 
side of the (piestion. The eouduction of heat through enameled surfaces 
in service is importaTit to the kitchen ware industry. As a reflector of 
heat, enamel is imi)()rtant in the stove, refrigerator, and building 
industry. 

As describ(‘(I on page 46, the thermal conductivity of a glass is 
a])pr()ximat(‘ly an additive function of the composition, the factors 
being given in Table 2. 

In a series of tests on enameled steel tanks, Poste published the 
values in Table 4cS, which represent actual service conditions. 

The values for the thermal conductivities of glasses, as given by the 
International Clritical Tables, vary from 1.812 to 3.243 g-cal cm- 
seconds at 100*' (\ and from 1.698 to 2.796 g-cal per cm.- per second 
at0°(b 

Comparisons^'^ between the thermal conductivities of enameled iron 
and insnlite have been made to determine the suitability of enameled 

P. PofitB. J. Ind. and E3ng. Chem. 16., 469 (1924). 

** International Critical Tables II, 101. 

Preliminary Investigation of Thermal Pro'perties of Porcelain Enameled Steel, Enamel- 
ist, 11 (5) 11 (1934). 
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iron for bnilclmg construction. These tests consisted of determining 
the relative amounts of heat escaping from, and also entering, two 
boxes, 3x3x1 foot, one constructed of one-half inch insulite and the 
other enameled eighteen gauge iron. 

The results showed that one-half inch of insulite is far better where 
radiant heat is concerned, the thickness of the enamel coat not being 
an important consideration. The enameled box is reported as being 
two-thirds as efficient as one-half inch of insulite in preventing heat 


TABLE 48 

Over- ALL CoEPPiciE]srrs of Heat Transfer 


Conditions 

Kg. Cal per 

Sq. M. Per °C. 

Btu per JSr. Per 
Sq. Ft. Per 

jr.iifr ■;/i- }.- r 

Steam, to water heated 

400-700 

80-140 

1674-2029 

Hot water, to water being 

heated 

350 

70 

1464 

Steam, to boiling water 

700 

140 

2929 

Steam, to a thick fruit product.... 

160 

32 

C09 

Cooling hot water, by cold water 
and brine 

200-600 

40-120 

837-2510 

Hot oil, to oil being heated 

65-140 

13-24 

271-586 

Hot oil, to boiling water 

150-200 

30-40 

62S-837 

Steam, to water being heated in 
tubular heater 

500-800 

100-160 

2092-3347 

Steam being condensed to water 
in a tubular condenser jacket 

700 

140 

2929 


escaping from the interior of a house to the outside, and roughly one- 
half as efficient in keeping sun heat out. 

Other methods which can be used for determining the thermal 
conductivity of enameled iron are boiling tests in enameled pans of 
dffierent types. Temperature gradient tests made by placing thermal 
elements in the iron, in contact with the iron, in the enamel, and at the 
surface of the enamel, call for fine technique, but would undoubtedly 
lead to valuable data. With the ever-broadening uses of enamels more 
data are needed on the thermal conductivity. 

MISCELLANEOUS 

Other thermal properties, such as specific heat, radiation and reflec- 
tion coefficients, have not received extensive investigation and little 
is published concerning them. Winkelmann and Schott established the 
specific heats based on the values of the individual oxides as described 

“ International Critical Tables II, 116 . 
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on page 45. The data on enamel glasses is, however, very limited. 
White gives values of from 0.20 to 0.30 gm. cal. per °C, and Mauraeli^^ 
values of 0.32 gm. cal. per °C for glasses. The values given for glasses 
in the International Critical Tables range from .1881 to .2640 gm. 
cal. per °C, invariably increasing with an increase of temperature. 
The values for enamels arc probably similar to these. They do not have 
commercial importance at present, since the heat balances of enamel 
smelters and furnaces involve so many other unknowns that these 
values would add little, if accurately known. 

The radiation, or thermal emissivity,^*’ of white enameled surfaces 
is nearly the same as that for white lead paint. 

OPTICAL PROPERTIES 

The most important o])tieal properties of enamels are the color, the 
so-called opacity, and the gloss. In Chapter 3 the subjects of opacity 
and color are discussc'd in detail; therefore only the tests will be 
described liere. 

OPACITY AND COLOR 

In the consideration of vitreous enamels the terms opacity and color 
have to do with the appearances. Opaque enamels are in reality trans- 
lucent and not o])a(iue. The term opacity, as applied to enamels, has 
com(‘ to mean the appearance of a pleasing white surface. If the 
surface? is mottled by a poor distribution of the opacifier, it is not 
opaque from the enameler’s standpoint, as the appearance is not 
pleasing to the eye and it is considered glassy. 

Methods. Many methods have been developed for determining the 
opacity and color of enamed coatings, but the principle of all the tests 
is the same. The enamel surfaces are compared to a perfectly white 
surfac(‘ (magmssium oxide is taken as standard). The comparisons are 
made at diflVrent wav<^ lengths tlumughout the visible spectrum, and 
the pennuilage reilection of each wave length is plotted in Figure 114. 

If tin* (mamel is Tiot pure white, the data show which color pre- 
dominates. A pure white enamel should produce a fairly straight line 
on the chart at scwenly to eighty per cent reflection. A blue white is 
high at the blue end and a yellow white is high in the yellow area. 
Colored enamels can be analyzed to show the predominating and con- 
tributing colors. The curve for a blue enamel is shown. This blue is 
very pure and contains very little yellow, green, or red. 

P. White, J. Am. Ohem. Soc., 116, 133 (1919). 

Maurach, Berlin U Munchen, (1923) S 83. 

International Critical Table, II, 101; Am. J. of Sci., 47, 1 (1919). 

^ Coblent* and Hughes, Bur. of Std., Tech. Paper. 
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The Spectrophotometer. The spectrophotometer gives complete in- 
formation concerning the color and opacity. Hample })lates of the 
enamel in question are made and compared to magnesium ('arbonate. 
The spectrophotometer is shown in Figure 114. The samplt‘ and the 
standard are placed side by side in the lamp chamber and the light 
from the condensed filament lamp is reflected through the opening to 
the* instrument in two beams, one from the sample and the other from 
the standard. Both beams of light enter the telescope and pass through 
the prism, which refracts only a small range of wavt‘ lengths of light 
through the other arm of the telescope to the eye. By rotating the 
prism, the wave length of the light reaching the (‘y(‘ cnn be varied over 


Filter 
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Adjust 
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Figure 114. The Spectroijhotonioter. 


the whole visible spectrum. Since the position of the prism is graduated 
on a scale, the wave length can be read off the dial at any time. A 
rotating perforated disk acts as a filter to allow either all or any part 
of the light from the standard to pass into the telescope. This is gradu- 
ated to indicate the percentage which is allowed to pass through the 
telescope to the eye. 

To operate the instrument, tests are run at different wave lengths 
by adjusting the prism to the different positions. On looking through 
the eyepiece the field of view appears as a split field, the upper half 
representing the standard and the lower half the test specimen. The 
rotary filter is adjusted until both halves of the field of view have the 
same intensity and the scale on the filter adjustment is read. This is 
repeated for the different wave lengths of the spectrum and the data 
so obtained are plotted as shown in Figure 115. 


REFLECTION ON TRANSMISSION PER CENT 
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Recording Color Analyzer. A recording color analyzer eliminates 
the personal factor in comparing the intensities of the beams of light 
from the standard and the sample. It uses a photo-electric cell, which 
controls the adjuvstnieiit of the instrument and makes an automatic 
record of the reading. 

The Reflectometer. Since the instruments already described are 
expensiv(‘ and (luite complicated, a simpler instrument is often used 
for checking the opacity or reflecting power of white enamels. The 



Figure 115. Enamel Color and Opacity Yalues. 

instrument devised by A. 11. Taylor-® is one of the most suitable 
instruments of this ty])e. Taylor describes this instrument as follows: 

It eoiiHists of a 4-inch hollow sphere (the reflectometer) attached to a Macbeth 
illuiniiiomctcr (a portable photometer). A tube containing lenses and a small 
flashlight lamp rotates about an axis in one side of the sphere. It projects a 
beam of light onto the test surface or the sphere wall. The photometer measuics 
the brightness of the sphere wall at a spot screened from the test surface. The 
ratio of the photometer readings with the light directed first onto the test surface, 

General Electric Company, Bnamelist, 8, (12) 16 (1981) ; Bur. of Std. Scientific Paper, 
Nos. 391 and 405; J. of the Opt. Soc. of Am., IV (1) (1920). 
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then onto the sphere wall, gives directly the diffuse reflection-factor of the test 
surface. The measurements are not affected by the way in which the light is 
reflected by the surface; i.e., whether the surface is a mirror or a diffusing sur- 
face. When the apparatus is set up only a few minutes are required for the 
measurement, and extensive tests have shown the results to be quite accurate. 
The apparatus is portable. 

A less accurate method, but one requiring less apparatus may be used if 
objects of only one type, e.g., enameled metal, are to be tested. The .author has 
found that when a diffusing surface such as magnesium carbonate, white plaster, 
porcelain enameled metal, etc., is illuminated by light incident perpendicular to 
the surface, the brightness of the object in a direction fifty degrees from the per- 
pendicular is very closely proportional to the diffuse reflection-factor of the object. 
Hence if a photometer is arranged to measure the brightness of objects in this 
direction, when illuminated normally, various flat objects can be directly com- 
pared. Magnesium carbonate has been found to have a diffuse reflection-factor of 
approximately 97 to 99 per cent, hence a block of this material can be used as a 
standard for evaluating the reflection-factors of enameled objects. Tests made 
with six specimens of porcelain enamel showed that this method gave results 
correct to approximately 5 per cent of the reflection-factor. This method cannot 
be applied to the measurement of reflection which is largely specular, such as that 
from oxidized aluminum. 

If the highest possible accuracy is desired, and all types of surfaces are to be 
measured, the sphere reflectometer is the only one which will give the desired 
results. 

A crude metliod of measuring the opacity is one in which the enamel 
is compared to a series of standards. This is better than no test, but 
the unaided eye often becomes confused in such tests. However, fin- 
ished ware is sometimes tested by visual comparison under a good light. 

INDEX OF REFRACTION 

The index of refraction of glasses and enamels affects their bril- 
liance. The index of refraction may he defined as the ratio of the sine 
of the angle of incidence to the sine of the angle of refraction. The 
index of refraction has in many cases been used to explain the opacity 
of enamels, hut the variation in most compositions does not seem to be 
great enough to have an important influence. Since all opaeifiei’s have 
high indices of refraction, it might be concluded that an enamel glass 
with a low index would be the most desirable for developing opacity. 
The author has tried to prove this assumption, but without success. 
High-lead and high-barium glasses have higher refractive indices than 
those low in these constituents. The index of refraction in glasses 
shows a tendency to increase with the specific gravity. 

The index of refraction of enamels can be measured by means of 
a microscope. Knowing the thickness of the enamel coating and then 
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measuring the change of focus from the top to the lower side of the 
enamel the index of the glass can be calculated. This method can, how- 
ever, be used only on transparent glasses. 

Another .and more common method for determining the index of 
refraction of enamels is the '‘Becke Method In this method the 
enaimd or glass is crushed to fine particles and placed on a slide with an 
oil of known index of refraction. The index of the glass is then com- 
pared to that of the oil by first bringing it into focus and then slowly 
elevating the barrel of the microscope. A line of light appears at the 
edges suiToiindiiig the grains of glass, and then, as the microscope is 
raised, it moves into the medium having the higher index of refraction. 
By comparing the glass particles to a series of known oils, its index is 
located between two of them, and thereby determined. 

Parnudee and Bhman describe the use of a refractometer in the 
determination of the index of refraction of glass by total reflection 
as follows : 

This inethod is based on the principle that light cannot always pass from an 
optically dense into an optically rarer medium, since at a certain angle, known as 
the critical angle, it will suffer total reffeetion. The critical angle for any sub- 
stance varies with the index of refraction of that substance. This method is par- 
ticularly useful because the measurement can be made upon a single polished sur- 
face, which may be quite small in area. 

The measurement is made by means of an instrument known as a total refrac- 
tonieter. The essential feature of this instrument is a hemisphere of glass with 
a known high index of refraction. The upper surface of the hemisphere is plane, 
and accurately adjusted in a horizontal position. The glass or mineral to be 
tested may be of any shai)0 provided that some one surface upon it is ground plane 
and polished. A drop of some oil with an index of refraction intermediate be- 
tween that of the glass hemisphere and the glass whose index is to be determined, 
is placed between the surface of the hemisphere and the flat surface of the glass. 

By means of a, mirror, a beam of sodium light is thrown upon the hemisphere. 
At the critical angle for the combination of the two glasses (the effect of the oil 
film can bo ignored) a shadow will appear in the field of vision. One side will be 
illuminat(Ml by the total reflection of all rays beyond those of the critical angle, 
while the otlun- side will be distinctly darker, since here a considerable amount of 
the light passes out into the glass. As the index of refraction of the glass hemi- 
sphere is known, the index of the second glass can be calculated from the measured 
critical angle by use of the formula: 

71 = sin 

where n is the unknown index, % the critical angle measured, and t?/, the index 
of the atmosphere. 

J. Am. Oeram. Soc„ 18, 476-88 (1930). 
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MICROSCOPIC EXAMINATION 

The microscope has many possibilities both in research and in the 
control of enamels, but its use has been very limited. In the study of 
raw materials, the processing, and the finished product, the microscope 
is a useful tool. The use of the metallographic microscope lias gri'atly 
aided in the development of better enameling irons. The control of the 
raw materials used in the making of enamels can be improved hy the 
use of the microscope. The petrographer, mineralogist, and the chemist 
have contributed extensively to the methods of using the microscope 
for these purposes. 

The examination of enamels, both during processing and in the fin- 
ished state, offers a very promising field for the use of the microscope. 
Much has been done in this direction and it is believed that ('onsider- 
able progress will be made in the future. 

Metallography. The methods of metallograpliic study will not be 
described here, since they are available elsewhere to anyoiu' seeking 
the information. It is important, however, that the technical enameler 
be well founded in the principles of metallography. 

Raw Materials.^^ The microscopic examination and identification 
of raw materials have long been used to a limited extent in control and 
research. A petrographic microscope and a few reagents make it 
possible to do considerable work of this nature. Inasmuch as the raw 
materials used in enamels are quite limited in number, a six^cialized 
technique for these can be developed without going extensively into the 
field of petrography. 

Feldspar, for example, is the only enamel raw material wliich, 
when examined between crossed nicols and transmitted light, shows a 
network of fine parallel lines or in some cases light and dark bands. 

A method devised by Booze and Klein is used to determine the 
relative amounts of feldspar and quartz in a sample of commercial 
feldspar. It is based on the differences in the fusion points of the two 
minerals. The commercial spar is heated to a temperature high enough 
to melt the feldspar and not dissolve the quartz in the molten mass. 
The sample is powdered and then examined under the microscope with 
crossed nicols, whereupon the isotropic feldspar appears dark and the 
quartz grains, due to the interference colors, are visible. On comparing 
with samples containing known percentages of quartz the amount in 
the unknown feldspar is determined. 

E. M. Chamot and C. W. Mason, Handbook of Chemical Microscopy, John Wiley and! 
Sons, (1931): J. T. Irwin, The Enamelist, 6, (8) 18-28 (1929). 

23 M. 0. Booze and A. A. Klein, J. Am. Ceram. Soc., 6, 698-703 (1923), 



MNAMEL PROPERTIES AND TESTS 


347 


A modification of this test which gives improved results is that 
described by Parmelee arid MeVav.-'^ In place of using the powdered 
feldspar, thin sections were made and the relative amounts of quartz 
and feldspar were measured, using a Wentworth screw micrometer. 

A further investig*ation of the different feldspar minerals present 
in commercial spars is fully described by Insley.^''"’ Since feldspar is one 
of the cnameler’s more important raw materials, and since its composi- 
tion both chemically and mineralogically is likely to vary, a petro- 
grapliic analysis is v(‘ry helpful. 

Fluorspar can be readily identified under the microscope, for it is 
the only isotropic crystalline mineral used as an enamel raw material. 
The eharactoristie of isotropic minerals under the microscope is that 
they do not appear at all when placed between crossed nicols. In the 
examination of comnu'rcial fluorspars the impurities such as quartz 
and calcite show iiiuler crossed nicols. This offers a method of detecting 
the presence and atnount of these impurities. By using measured 
amounts of the standard fluorspar and the unknown fluorspar and 
placing tlnmi bcdweim cover glasses with the same amounts of Canada 
balsam, a direct comj)arison can be made. 

(h-yolite j)owder, wlien examined between crossed nicols, appears 
as light gray, nniforndy colored crystals. It is only weakly refractive 
and, tliert‘fore, d()(‘s not transmit any large amount of light. It, 
howevei*, has the same index of refraction as absolute alcohol, so that, 
when imnnu'sed in alcohol and examined in transmitted axial light, it 
is bar(‘ly visible. 

Ratluu* than dc'pcmd entirely on the microscopic analysis, the 
identity of cryolite or fluorspar can be further confirmed by placing 
the material in a small platinum or lead crucible with sulphuric acid 
and eovcu’ing wdth a cover glass. Both fluorspar and cryolite will 
evolve hydrofluoric acid which will attack the glass. This is a definite 
identification of a fluoride. 

Barium, and (‘.alcium carbonate both evolve carbon dioxide when 
heated with hydrochloric acid, in which they dissolve completely. 
When neutraliz(Hl and treated with sulphuric acid, they will give white 
precipitat('s of the sulphates. 

These sulphates are, however, quite different when observed under 
the microscope. Barium sulphate appears under the microscope as a 
finely crystalline meal, while the calcium sulphate appears as starlike 
clusters of crystalline needles. 

=** 0. W. Parmelee and T. N. MeVay, University of Illinois, Eng. Exp. Sta. Bui. 233 
(1931). 

H. Insley, J. Am. Oeram, 8oc. 10, 651 (1927). 
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Zinc oxide should dissolve almost completely in dilute hydrochloric 
acid. If a drop of potassium mercuric thiocyanate solution is added 
to this acid solution, the zinc separates out as cross-shaped crystals 
with feathery edges. 

White lead and litharge are readily dissolved in dilute nitric acid. 
A drop of potassium iodide solution, added to this acid solution of the 
lead on a microscopic slide and warmed, forms small six-sided yellow 
plate-like crystals of lead iodide. These crystals, which should be 
examined immediately, are quite characteristic. 

Many other microscopic tests on the raw materials used in making 
enamels can be developed by a careful study of this subject. 

Surface Phenomena. The use of the microscope to study the sur- 
face of enamels has long been practiced. An enamel under magnifica- 
tion is shown to contain many entrapped bubbles and, if the enamel is 


Depressed Open Top 

Pin Hole 

Figure 116. Pin holes. 

transparent, these bubbles are quite obvious. Transparent sheet iron 
ground coats can be examined advantageously with a long focus 
microscope, of the binocular type. The surface, the bubble layer, and 
the inter-face with the iron can be readily seen, if the enamel does not 
contain considerable quantities of iron and nickel oxides. The iron 
surface in many cases is very distinct, showing the crystals as though 
it had been etched. The bubbles in a good sheet iron ground coat should 
not approach the thickness of the enamel layer in size and they should 
be uniformly distributed. An enamel which is underfired shows many 
large bubbles, often extending to the surface and causing defects, such 
as pin holes and blisters. If the bubble has just burst through the 
surface, it causes a blister, but, if the firing is stopped just as the bubble 
reaches the surface, a pin hole is formed. The pin hole appears as 
shown in Figure 116. The gases in the bubble contract as the enamel 
is cooled, sucking an indentation into the surface of the enamel. In 
some cases, the enamel at this point fails and the pin hole extends to 
the bottom of the bubble, as shown in Figure 116. 

The examination of enamels attacked by acid, alkali, weather, or 
soil may show either of two effects. If the enamel is somewhat soluble, 

* Make the potassium mercuric thiocyanate solution hy mixing concentrated solutions of 
equivalent molar weights of potassium thiocyanate and mercuric chloride. 
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the surface is etched and it looks like powdered glass. The outer 
surface can be readily scratched away, exposing the enamel beneath, 
which ha; a rough etched surface. 

If the enamel is resistant to solution, the attack may give the 
appearance of crazing (many tine cracks). The surface does not show 
etcliiiig when observed under the microscope, but rather one character- 
istic of heat cheek. The whole surface is interwoven with many fine 
craze lines. The author believes that the soluble part, being the last 
to solidify in this type of glass, is confined between the larger particles 
of glass. The solution, therefore, takes place only in the boundaries 
around the more resistant glass. This theory is partially verified by the 
fact that an enamel so attacked can be fused down if refired, after 
which it is no longer subject to the attack of the solvent. In some cases 
this treatment of an enamel with acid and then retiring has produced 
acid-resistant enamels. 

The white cover enamels are more difficult to observe under the 
microscope than the ground coats. Defects such as specks, blisters, 
uneven opacity, scum, and attack by solution can be very readily 
studied. The vStudying of defects in enamels by means of a microscope 
olfers a field for considerable ingenuity, each case having its own 
peculiarities. 

Cross Sections. The examination of cross sections of the enamel 
coating and th(‘ metal base has received considerable attention. This 
method of microscopic examination makes possible the study of the 
adherence nu'chanism, bubble distribution, iron oxide penetration, 
copper-heads, fishscale, firing phenomena, and reboiling. It will prob- 
ably add greatly to our future knowledge of enamels. 

Tlu‘ teehni(iue of ])reparing the sample for examination is of as 
great imi)ortance as the examination itself. 

The Frvpiimilon of the Sample. The sample is carefully selected to 
show advantageously the defect or area to be examined. It is then cut 
with a hand hacksaw, the enamel plate being placed between two 
])iee(‘s of soft wood to minimize chipping during the operation. It is 
next mounted for grinding and polishing either between layers of 
celluloid, or in sealing wax, or some low melting alloy. Samples 
mounted in this manner are shown in Figure 117. These procedures 
in mounting are necessary to minimize the chipping of the enamel when 
grinding and polishing. 

The sample is filed down flush with the protecting layer by moving 
the file over the surface, at a 45-degree angle, from the enamel side to 
the metal side. The specimen is next ground on an emery cloth disk in 
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a direction at 45 to 90 degrees from that used with the file, but always 
from the enamel side to the iron base metal. Th(‘ spt‘(‘(l of this grinding 
should be about 800 rpm. 

A paraffin disk is used to polish the sample. This polishing is first 
carried out with levigated alumina, suspended in a soap solution. The 
grinding is again at 45 to 90 degrees from that of th(‘ pr(wuo\is opera- 
tion, hut also in the direction from the enamel to th(‘ iron. Best results 
are obtained with a high speed wheel (1800 rpm), because this gives a 
more even level between the enamel and the iron. All sc'ratelu^s from 
previous operations are removed. 


Celluloid Enaniolod Si)eoinien 



Enamel Specimen 


Figuke 117. Method for Preparing Cross Sections. 

The final polishing is carried on with jeweler’s rouge on a disk 
covered with billiard-table cloth. Polishing is continued until all 
scratches are removed from both the enamel and the base metal. 

Examination of the Sample, The examination, is best made with tlie 
inverted metallurgical type microscope, at magnifications of from 600 
times up to 1000. The illumination is important, decitmtered critical 
illumination being most satisfactory.-^' 

MISCELLANEOUS 

The Gloss. The gloss and the effects of ultraviolet light, polarized 
light, and X-rays have received some attention by the enameler. The 
gloss has been determined by the use of a glarimeter, but the work has 
not been extensive. Polarized light is used to determine the strains in 
glass, but it has not been used for vitreous enamels. Since enamels are 
applied to iron, the importance of conducting ultraviolet light is 
remote, although the reflection factor might be of importance. 

“ J. 0. Lord and W. C. Rueckel, J. Am, Coram. Soc., 14, 777 (1931) ; O. W. McGuhan, 
J. Am. Oeram. Soe., 15, 389 (1932). 
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X-Ray Methods. X-rays have been used to advantage in studying 
the fiindanientals of enamel opacity by determining the crystalline 
eoni|)onnds ])resent. An X-ray analysis of an enamel consists of passing 
the X-rays through either a small thread of enamel glass or povv^dered 
enamel iii a capillary tube, or by reflecting the X-rays at the surface of 
the enameled sample. The rays leaving the sample are photographed 
and the pattern obtained is compared with known materials. Since no 
two materials produce the same patterns, this represents a positive 
identification of the compounds present. X-rays have the character- 
istic of dark(uiing white enamels, the colors ranging from a sepia to a 
brown or gray. This has been used in the laboratory to make designs 
on enamel, h'ad being used as a stencil, shielding part of the enamel 
surface from the X-rays. 

The possibilities of further studies on enamels, in which X-rays 
will play an important part, are great and will probably lead to 
valuable information. An X-ray study of the processes of smelting and 
firing, a further study of adherence and the raw materials should be 
made. 

PHYSICAL AND MECHANICAL PROPERTIES 

The i)hysical and meclianical propei'ties of enamels, such as the 
adherence, the rat(‘ of cooling, the development and relief of strains, 
the strength of the finished ware, and the resistance to impact, are 
influenced by the metal base on which they are fired. Because of this 
influence, the metal must be considered in many physical tests both 
from th(» standpoint of preparing the sample and of the actual test 
itself. 

ADHERENCE 

A discussion of the mechanism of adherence of enamels to iron is 
given on pag(‘ Kid, therefore, the following will be limited to the testing. 
Two types of tests are used for measuring the adherence: (a) metal 
deformation tests, and (b) tests in which the metal does not deform. 

Metal Deformation Tests. In the metal deformation tests the metal 
base is actually deformed tiirough its yield point, so as to give perma- 
nent deformation. 

Bending Test. The simplest and oldest test of this type is that of 
bending samples through an angle of 90 to 180° and noting the effect on 
the enamel layer on the outside of the bend. The amount of enamel 
chipping off, and the nature of that adhering are important. If the 
enamel scales off clean, the adherence is shown to be very poor ; if the 
surface of the metal is well coated with slivers of firmly adhering 
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Gno-iucl, it is g'ood. A,ll dcgTCGS bctAvcGii tliGSG cxtiGiiics <3.10 Gxpcrioiiccd. 
Sucli a test should be standardized and comparison samples used. The 
thickness of the metal, the metal properties, and the thickness and the 
firing of the enamel must be standardized. 

Kefinements of this bending test have led to the impact tests, i.e., 
(a) the falling weight test, (b) the swinging hammer test. 

Fallmg Weight Test. The falling weight test is the most popular 
test for adherence at the present time. It gives definite results and can 
be modified to meet existing conditions. Such a test developed by C. J. 


Kinzie is as follows : 

The apparatus, ■which is shown in I'igure 118, consists of ii brass tube which 
can be easily adjusted as to distance between the lower end of tube and the speci- 
men. Through the walls of the tube, at 
spacings of three inches, arc drilled holes 
so that the stop-pin can be set <at any de- 
sired height above the specimen. A l-inch 
diameter steel ball weighing about 67 g. is 
used. If a heavier weight is needed, a 
larger diameter tube can be used. We have 
used, in addition to the tube shown, a 
larger tube taking a iKi-iach diameter 



steel ball weighing 


g- 


The procedure in making tests is 
as follows : 

The specimen is placed and the tube is 
adjusted so that the ball will just clear the 
space between surface of specimen and 
lower end of tube. The pin and ball are 
placed in position, 25 inches above the 
specimen, and by withdrawing the pin the 
ball is permitted to drop onto the specimen. 
This operation is repeated 10 times at 10- 
second intervals and the result observed. 
This test has been modified so 
that the test piece may either rest on a solid metal surface, or a block 
with a hole in it directly under the point where the weight strikes the 
specimen. In some cases a heavier weight, supported between two guide 
rods, is used and one impact only is required to make a test. The 
degree of enamel adherence must in any case be judged by comparison 
with standard samples. 

Fendwlum Test. An impact machine of the swinging-hammer type 
is described by E.. H. Tiirk.^® The general construction of the machine 
is shown in Figure 119. 


C. J. Kinzie, J. Am. Ceram. Soc., 12, 188 (1929). 
»R. H. Turk, J. Am. Ceram. Soc. 13, 887 (1930). 
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It has a pendulum arm two feet in length, carrying a weighted hammer or bob. 
The arm is kept rigid by a system of guy wires, and is fastened to a short shaft 
turning in ball bearings. The ends of the shaft are turned to a point and hard- 
ened. The ea.j>s at the ends of the bearing boxes are hardened and are just brought 




in contact with the pointed ends of the shaft to take up end play. Friction is 
negligible, as the bearing surface is very small. By lifting and suspending the 
pendulum as described, each blow is delivered at the same place upon the test piece. 
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The release mechanism slides on two quadrants, graduated so as to give blows 
in increments of 0.05 foot-pound with the one-pound hamnier. A catch engages 
notches in the quadrants, holding the release device. A forked hook engages the 
cross-bar on the pendulum arm and holds the pendulum until released by tripping 
a spring which causes the hook to snap back. 

Two hammers are used, weighing one and two pounds, respectively. They are 
pear-shaped and have a, hardened striking face of oiie-ineh radius. By ehanging 
hammers, blows equivalent to four foot-xmunds, as a maxinium, ean bc^ delivered. 
The two-pound hammer is used mostly for cast iron enamels and tin' one-poimd 
hammer is used for sheet iron enamels. 

The standards are heavy, rigid castings, as is the base of the maehiiie. A heavy 
cast iron angle plate slides in a milled slot in the base and is adjustable along tlie 
length of the machine to take care of samples of varying depth. A hole is drilled 
into the angle plate in line with the hammer when it hangs free to faeilitate obser- 
vation of failure of sheet iron samples. 

All eastings are extra heavy to assure a rigid, vibration-free machiiu'; leveling 
screws are in the base. Clamps are built into the angle i)late and are so (b'signed 
as to take care of almost any shaped sample. 

Graduation of Machine. The weight of the pendulum of the ma, chine when 
constructed as specified is four ounces. As the arm is symmetrical in form its 
weight ean be considered as concentrated at the middle point. Tlujrefon*, the fol- 
lowing formula is applied : 

I 

H = 

W" 

W + 

2 

where H == height of hammer 
I = impact in ft.-lbs. 

W = weight of hammer (lbs.) 
w = weight of arm (lbs.) 

From the point of contact of the height, H, and an arc described by the hammer, 
a line is projected to the center of the bearing shaft. The quadrants are graduated 
where this line crosses them. 

Method of Making the Test. The test specimens are made either in 
the shape of rectangular sheet iron trays 7% x 4% inches in size or cast 
iron panels 6 x 3^/^ inches in area and % inch thick. These enameled 
samples are clamped in place, the actual position of the impact depend- 
ing on the conditions desired. 

To make the test, the pendulum is allowed to drop from various 
positions. Failure is indicated when the enamel breaks away over a 
specified area such as % of an inch in diameter. The breaking position 
of the pendulum on the quadrant is usually taken as the indication of 
the impact resistance. A number of individual results are averaged to 
give accurate results. 
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Tests in Which the Metal Does Not Deform. The tests in which the 
metal does not deform are more complicated than those in which it 
does. The resnlts are, however, more nearly characteristic of the 
actual adherence and should, therefore, be further developed. 

PMe Text. The method of lapping two pieces of enameled metal 
together in the furnace so that the enamel acts as a bond between the 
two pieces and then determining the force necessary to pull the cooled 
pieces apart has been fully described. 

The enamel is applied to the specimens by placing them in an 
apparatus, as shown in Figure 120, and .spraying the enamel. The 



Specimen 



FIRING SUPPORT 

Figure 120. Plate Test Apparatus. 

enamol is tlien dried and the samples are placed in the support, shown 
in Figure 120, for firing. 

The specimens are so placed that the enamel surfaces face each 
other, but do not touch. They are fired in this position until the boiling- 
has ceased. They are then clamped together in the center by suitable 
tongs and removed to an annealing furnace at 500 C and allowed 
to cool slowly. 

The samples are then placed in a tensile strength machine, the 
grip being made through the holes in the metal stock. The failure of 
the contact is a result of both tension and shear, which are too compli- 

W. N, Harrison and G. T, Thaler, J. Am. Oeram. Soc. 11, 803 (1928). 
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cated to be analyzed. The results show failure at the eoutaet ot‘ the 
enamel and the iron, or failure within the enamel lay(vr. The former is 
the desired result, in which the metal is left bright and clean ; the 
latter shows either adherence greater than the stnmgth of the enamel, 
or enamel which is mechanically weak. This weakness may Ix' caused 
by improper annealing or manipulation. 

TABLE 49 
Adherbn'ck Values 

Values Obtained in Seven Consecutive Tests with a Standard Cobalt (« round Coat, 
and with, the Same Enamel Without the Cobalt, Manganese and Niekel Oxides 



COXTAIXIXG C0B.\UT, ! 

1 Manganese and Nickel Oxides 1 

SA^r^^ Kna-miu. WmrouT CorjALT, 
Manganese and Nickel Oxides 

Test 

No. 

Load at FaUure 
(lbs.) 

Failure in Bond 
( Per cent of Clean 
Metal Exposed) 

Load at Failure 
(lbs.) 

Failure in Bond 
( Per cent of Clean 
Metal Exposed) 

1 

910 

60 

470 

100 

2 

830 

75 

490 

100 

3 

880 

25 

410 

100 

4 

1000 

80 

320 

100 

5 

1010 

85 

320 

100 

6 

950 

60 

430 

100 

7 

830 

25 

450 

100 

,Av. 

916 

59 

413 

100 


In a modification of this test, the enamel is applied, fired, and then 
the specimens are pressed together as shown in Figure 121. The two 
pieces of iron are thereby cemented together by the enamel. When cool 
the tensile force, required to pull them apart, is determined. 




PiGUBE 121. Pull Test. 

In this test a tensile stress only is applied to the enamel, thus sim- 
plifying interpretation; however, the failure generally occurs in the 
enamel rather than in the bond, thereby it may not be considered 
strictly as an adherence test. 

=» lUd. 

^ W. Q. Martin, R, B. Ronpe, and O. B. Andrus, A. O. Smith, Oorp. 
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HARDNESS 

The hardness of enamels does not vary greatly from one composi- 
tion to another, and there is no satisfactory test for this property. 

Mohs’ Hardness Test. The most common method of determining 
this property is that based on the scratch hardness using Mohs^ scale 
of minerals. The test is made by attempting to scratch the enamel 
surface with samples of minerals of varying degrees of hardness. If the 
enamel is scratched by a particular mineral, it is softer than that 
mineral and the next lower in the scale is tried. The highest numbered 
mineral wliieli will not scratch the enamel is given as the hardness 
number of the enamel. Vitreous enamels have a hardness between 5 
and 6 in the ^lohs’ scale. Table 50 gives the hardness numbers for 
Mohs’ scale. 

Alloy Hardness Scale. Another hardness scratch test based on car- 
boloy and steel samples was devised by Navias.'* The data on the scratch 
hardness tests is shown in Table 50. 

The use of the Brinell and the Eockwell hardness tests has not 
proved satisfactory on vitreous enamels. 

ELASTICITY 

The (‘lasticity of enamel glasses is an important property which 
has not been extensively investigated. Parmelee and Fetterolf carried 
out the most recent work on the elasticity of enamels using simple 
compositions. The method used and described by them is as follows: 

The method iruule \xsc of an accurately dimensioned glass bar used as a canti- 
lever beam, rigidly fixed at one end and free to deflect at the other upon applica- 
tion of a, load. The end of the glass bar was securely fixed in a heavy iron block 
about five inches square and eight inches in height. 

A dOO-grani load in every test was applied to the free end of the bar. All bars 
l>ut two were of such length that the load could be applied at a distance of 20 cm. 
from the block, making the effective length of the bar 20 cm. This distance was 
measured as accurately as was possible with a rule marked in tenths of a centi- 
meter, In order to apply the load at the 20 cm. mark a loop of thin wire was 
passed over the beam at the desired place. A weight attached to the free end of 
the wire made the effective load 500 grams. 

The mieroscoim being focused on the beam at the point where load was to 
be applied, the bar was deflected several times by pressure from a Anger. This 
was necessary in order to detect any ^ ‘ slack in the fixed end of the beam. After 
several repetitions of this treatment, followed by tightening of the cap-screws, the 
beam returned to its original position after the application of load and could be 
deflected for an actual measurement. 

Preparation of Test Specimens. Teat specimens were prepared from cast bars 
by grinding to accurate dimensions. Owing to the difficulty involved in the method 

* Louis Navias, J. Am. Oeram. Soc., 12, 69 (1929). 

«0. W. Parmdlee and L. D. Fetterolf, J. Am. Ceram. Soc. 12, 193, (1929). 
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\ Vitreous enamels 
< Insulator porcelain glaze (6) 
I White earthenware 
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of cMStiiiff, Iho bars wore originally of greatly oversize dimensions. These were 
gronnd down roughly on a large lap with 60-mesh carboniiidiim and after anneal- 
ing wau’c ag'aiu ground in the same manner. Following this, 200-mesh carborun- 
dum w'as used for grinding the beams to the desired size. The use of a small 
sciuare and a thickness gauge, admirably suited for the work, made i:)Ossible the 
])reparalion of very aeoiiratcly dimensioned bars. The final polishing was done 
with 400-mesh oarbonimliini on a smaller lap wliicdi had been machined to a true 
plane surface with special care. 

4 PL"* 

Calculation of Results. The elasticity, E, is giveu by the equation E = , 

bd® A 

in Avbich P is the load, L, the length, b, the width, d, the thickness, and A, the 
deflection. 

Accuracy. For substances like glass, there is undoubtedly a large variation in 
the elasticity among din'erent samples of the same glass. Had it been possible to 
use more than two specimens of each glass, valuable information might have 
lieen obtained on what is known in statistics as normal distribution of values, 

TABI.E ol 

Elasticity of En'amkl Glasses 


Kg. per sq. millimeter 



Per Cent ZnO 
replacing Na^O 



Per Cent BaO 
replacing Na^O 


6 

12 18 24 

30 

6 

12 18 24 

30 

49r>0 

iluTO r)7S() 51)10 

6480 

5360 

5240 5590 5600 

5830 


standard deviation, and probable error. A large part of the discrepancies which 
may appear in the results, it is felt, should be ascribed to normal variation among 
individuals of a population rather than inaccuracy of measurement. 

The Ya.lu(‘s for th(» simple glasses of Parmelee and Fetterolf are 
shown in Table 51. 

It is to be not(‘d tliat as ZnO replaces Na.O the modulus of elasticity 
i.ncr(‘as(^s rapidly and quite systematically. In general, replacement 
of Na.X) and llaO results in a higher modulus, but the effect is much 
less ])r()n()unetHl than in tlui case of ZnO. It increased linearly with 
increasing: amounts of MgO and GaO at the expense of Na^O. 

Winkelmann and Schott*^- determined elasticity coefficients for 
glasses by means of a beam of glass suspended at the ends and deflected 
in the center. Clark and Turner used a rod in place of the beam. 
G. A. Bell used an acoustical method in which the modulus of elas- 
ticity was calculated from the frequency of vibration of a glass rod. 

IL T. Jessop used a method based on the suspension of a beam 

Jena Glass, Hovestadt (p. 155). 

** Journal Soc. Glass Tech,, III, 260. 

Lhil. Mag., 9. 41H. 

Phil. Mag., 42, 561, 
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of glass in the center and weighting the (;nds. The aiuonnt of Heetion 
was measured by the interference pattern found by the reflection of 
light from the bent surface of the beam and a cover glass r(\sting on it. 

The factors for calculating elasticity by the equat ion giviui oivpage 
40 are compiled in Table 52. 

These factors do not agree, probably because of the difterent types 
of glass used. The factors P and P are based on silicoi as 65 and the 
factors *F and P are based on silica as 40. In general, zinc oxide 
and barium oxide appear to contribute to the (Elasticity of the glass, 
especially when substituted for sodium oxide. Parnudne and Shaw 

TABIiE 52 

Factors for Elasticity 

C. & T.'» & P.M 


SiOa 65 ' ~40' (65) (40) 

NasO 100 110 20,65 (>0,75 

BaO 100 55 00 

ZnO 15 SO 115 

B2O3 60 

PbO 

AlaOs 150 120 

KaO 70 

CaO 70 


report that the elasticity increases with a substitution of magnesium 
oxide and calcium oxide for sodium oxide. 

COMPRESSIVE STRENGTH 

The compressive strength of enamel glasses is not usually deter- 
mined, but it is one of the factors entering into its d(Esirable 
characteristics. 

The compressive strengths of enamel glasses wer(‘ (bd(u*mined by 
Parmelee and Shaw*'^^ by making glass prisms one centimeter wide 
and three centimeters tall. These specimens wcni^ ground to true 
dimensions, being especially particular about getting the ends parallel 
with each other. A special holding device, as shown in Figure 122, was 
used to eliminate any eccentricity. 

The compressive strength varied for the simple enamel glasses from 
77 to 81 kg, per square millimeter, the values being about ten per cent 
below those calculated using Winkelmann and Schott factors, 

®®Fett6ralf and Parmelee, J. Am. Ceram. Sac., 12, 193 (1929). 

®’'0. W. Parmelee and D. T. Shaw, J. Am. Ceram. Soc., 13, 498, (1930). 

Winkelmann and Schatt, Jena Glass by Hovestadt. 

Clark and Turner, J. Soc. Glass Tech., 3, 260. 
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TENSILE STRENGTH 

The tensile strength of enamels is one of considerable importance, 
but also one which is extremely difficult to determine because of the 
brittleness of glass. 

Since the investigation which led Winkelmann and Schott to believe 
that the ])hysieal properties of glasses were additive functions of the 
oxide composition, several researches on the tensile strength have been 
reported. Winkelmann and Schott used square rods of ten to twenty 
square^ millimetcu's cross section and 
applic'd an axial load in two kilogram 
increments. The load was applied by 
means of weiglits which were care- ^ 

fully low(‘red so as not to jar the glass. f deamiKeabouf 

The fracture surface Avas of a dull 
fibrous appearance over nearly the 
whole area. Tlie results were quite 
distinctive, overlapping very little 
and ranging from 3.28 kilograms per 
square millimeter for a glass contain- 
ing 20 ]HAr cent silica and 80 per cent 
lead oxide, to 8.09 kilograms per 
square millimeter for a glass contain- 
ing 28 ])er cent KoO, 17 per cent ZnO, 
and of) ])er cent Si(\. 

Griffiths,'^- Avorking Avith a single 
glass : 

K,0 12. \ sfeel ba// 

NasO 9 ^'"■^-steef 

11.8 Eigtjeb 122. 

Compressive Strength Apparatus. 

MiiO 9 

found that the tensile strength of the glass fibers varied inversely as 
the cross sectional area, from 24,900 pounds per square inch at .04 
inches diameter, to 491,000 pounds per square inch at .0013 inches 
diameter. The tensile strength also varied with (a) maximum temper- 
ature, (b) temperature of drawing, (c) presence of impurities or 
foreign bodies, (d) age of fiber. The strength of a fiber diminished 
spontaneously for a few hours after preparation to a constant value. 

Gehlhoff and Thomas state that consistent results were obtained 

Jena Glass, Hovestadt, p. 149. 

"J. Soc. Glass. Tech. Abstract 6, 11 (1921). 

«J. Soc. Glass. Tech. Abstract 11, 247 (1927). 
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by considering that only the fracture art'a which showed a rough or 
hackly appearance was broken under tension. Tluw used glass rods 
about five centimeters long and three to four millimeters in diameter. 

Hall worked with various base glasses, adding varying amounts 
of different oxides, and expressed his results as eot^nicituits calculated 
from the average tensile strength. The results ovtuvlapptsl so much that 
the drawing of conclusions from the average* s(‘ems (jiu'stiouable, 
especially since the maximum result is moia* lik(*ly to lx* corn'ct. The 
average tensile strength was found to vary from 11.0 kilograms per 
square millimeter for a high-soda glass to 34.S kilogianns per scpiare 
millimeter for a glass high in magnesia and alumina. 

A method for determining the tensile strength of (uiamel glasses 
with a fair degree of accuracy is as follows : 

The apparatus consists of two supporting rods, securely and rigidly 
mounted on a heavy base plate and tied with a heavy crosspiece at the 
top. From the crosspiece at the top a x)iano wire hangs with a chuck 
at the lower end to grip the thread of enamel. At the lower end of the 
enamel thread an inverted chuck, with another piano wire extending 
down to the weight can, grips the enamel test thread. Mei’cury flows 
into this weight can at a constant rate and is automatically by-passed 
when the thread breaks. The weights of the can, mercury, and lower 
chuck together give the weight applied and the cross scadion of the frac- 
tured enamel rod gives the area of the glass. ( -alculations of tlie tensile 
■strength are made from this. 

The preparation of the enamel specimen is vt‘ry im])ortant, since 
the results are sensitive to many slight variations in the condition of 
the specimen. 

The enamel to be investigated is milled to })a.ss a No. 60 sieve and 
then remelted in a platinum crucible and stirred with a platinum rod. 
After holding for an hour at a temperature slightly below that used 
for smelting, the temperature of the furnace is lowered until a thread 
about one millimeter in diameter can be drawn. A long thread of this 
size is then drawn and broken into pieces about six inches in length. 
One of these pieces is held in the flame of a biinsen burner and rotated 
until a slight bead is formed on the end. The specimen is then inverted 
and slipped into the tapered slot in a plate of iron. The slot must be 
too small for the bead to pass through, but large enough for the speci- 
men to swing freely. The specimen and iron plate are then held over a 
bunsen burner so that the other end of the specimen is in the dame and 

Am. Ceram. Soc,, 13, 182 (1930). 

‘‘J* Method developed by the author with the assistance of R. K. Smith at the University 
of lllinoif. It is similar to the method used at the U. S. Bur. of Stds. 



ENAMEL PROPERTIES AND TESTS 


363 


a beat! is allowed to form on this end. This bead is reg-ular and straight, 
since it is formed under the forces of gravity and surface tension. The 
specimen is then again inverted and the other end held in the flame 
until the bead has softened and straightened out under the force of 
gravity. The specimens are next placed in a slotted device and 
suspended in a small tubular electric furnace. The arrangement of 
the slots is such lhat the specimens are left free to shift about and 
straight(‘n under the attraction of gravity. The temperature of the 
furnace is then raised just sufficiently to cause the specimen to flow 
slightly and straighten out, the temperatime at which this flow occurs 
having been previously determined, and then allowed to fall of its own 
accord, lauiching room temperature in about five hours. When cool, 
one of th(‘ specimens is ])laeed in the machine and the mercury recep- 
tacle slowly and carefully lowered until its weight is supported by the 
specimen. The merciuy is then allowed to flow into the receptacle from 
the reservoir. The imu'cnry is kept under a constant head by allowing 
more to flow in from an upper reservoir as fast as it is withdrawn from 
the lower. This pr(‘caution is taken to assure the same rate of loading 
for every specimen. As soon as the specimen breaks, the flow of 
mercury is inteiTuj)ted by turning off the pinch cock on the connecting 
tube. The fracture is examined to see if it was broken under pure 
tension, and the weight of the receptacle and merenry together with 
that of th(^ lowtu* chuck is taken. 

The alignment of the enamel test specimen, the seating in the chuck, 
freedom from vibration, and controlled cooling are of great impor- 
tance. The consistency of results should be improved by repeated 
meltings and grinding of the material to increase its homogeneity.^" 

On eleven tests of a typical sheet iron cobalt ground coat the results 
of the tensile strength varied only jdus or minus ten per cent from the 
average of about 10 kgm. per sq. millimeter. 

ABRASION 

The determination of the abrasion resistance of enamels is com- 
plicated by the fact that it is very difficult to interpret the results. An 
enamel in service becomes dirty when the surface gloss is removed by 
abrasion and, since this gloss layer is extremely thin, a weight loss test 
cannot be accurately made. This loss of gloss may be produced entirely 
by the breaking of bubbles in the enamel, the glass between the bubbles 
retaining its high gloss. This represents an extremely small loss in the 
weight of the enamel and, if the open bubbles fill with dirt, the sample 

J. T. Littleton, J. Soc. Glass. Tech., 15, 262 (1931). 
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actually gains in weight. The method of interpreting results based on 
the appearance is the most promising, but tlie difficulty of evaluating 
them is great. 

Sand blasting and falling abrasive have been used as tests for 
abrasion, but they have the objection of being impact tests rather than 
true abrasion. 

The rattler or ball mill test, in which the enameled specimens are 
milled with the abrasive, also involves considerable impact. 

The use of a fixed abrasive wheel to produce the abrasion fails 
because of the change taking place in the abrasion sin*f ace with use. 



Loose abrasive rubbed on the enamel ware changes ivnpidly in grain 
size, but does serve as a fair test. 

Several methods have been tried, in which the sample is revolved 
in the abrasive, but no standard test has yet been adoj^ted. 

C. J. Kinzie^"^ devised a method in which a one-quart cylindrical 
enameled cup containing the abrasive materials was rotated at 03 rpm 
for forty-one hours. The materials used for the abrasive varied from 
washing powder to sand and porcelain balls. The cup was weighed 
before and after each run, the loss in weight re])rest,vnting the amount 
of abrasion. The apparatus used and the dimensions of the cup are 
shown in Figure 123. The loss in weight of the cups varied from ,3 
to .7 of a gram and could be duplicated fairly accurately. 

A test devised in the author’s laboratory and showing promise 
consists in rotating a twenty-four inch metal-clad wooden disk with 
the lower half in a box of abrasive. The flat test specimens are fastened 
on the sides of the disk, thus being carried through the abrasive. Stan- 

J. Kizizio, J. Am. Ceram. Soc., 12 , 188-92 (1929). 
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dard ten-mesh earbonuidum is used as the abrasive and the test con- 
sists of running the specimens for 10,000 revolutions at a speed of 
320 rpm. 

The interpretation of the results in terms of loss in weight was 
unsuccessful, but, by setting up a series of standards for comparison, 
duplicate results could be obtained. 

DENSITY 

The specific gravity of enamel glass can best be determined by use 
of a specific gravity bottle. About ten grams of the enamel glass 
passing a No. 100 sieve are dried at 100° C and placed in a glass- 
stoppei'ed weighing bottle. About two grams of this dry enamel 
powder are accurately weighed into a previously weighed pycnometer. 
Previously boiled water is added to about two-thirds full and the sample 
agitated to eliminate any entrapped bubbles of air. The bottle is then 
filled to the top and brought to a temperature of 20° C it 1° C. The 
bottle is wdped dry and weighed. 

Calculation. The following formula should be used : 

w — p 

S = 

(w — p) — (w, — wj 

in wdiich S = the specific gravity of the enamel 

w = weight of the stoppered pycnometer and sample 
w, == weight of stoppered pycnometer tilled with water only 
Wo = weight of stoppered pycnometer, sample, and water 
p — weight of stoppered pycnometer 

DANIELSON-LINDEMANN DEFLECTION TEST 

The detlection of enameled iron strips has become a fairly common 
test for the comparison of enamels and is used in some plants for 
control. 

The test was originally devised by R. R. Danielson and W. E. 
Lindemann,'^'^ but was later studied by many investigators. 

The tentative method of the American Ceramic Society for the 
determination of the resistance of sheet-iron enamel to deflection is as 
follows : 

Testing Machine. The machine used in the test shall embody the essential 
details of that shown in Figure 124. 

J. Am. Oeram. Soc., 8, 796 (1926). 

Eeport of th© Enamel Division Standards Committee 1930, Bull. Am. Ceram. Soc., 9, 
269 (1980); Bull. Amer. Ceram. Soc., 7» 362 (1928). 
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Preparation of Test Pieces. The metal base should be strips from 22-gauge 
enainoliag stock, cut . 2 iiielies wide and 12 inches long. For convenience in 
handling during i)rocessing, a. Vi-im-h hole nuiy be punched near one end of the 
strip. 

The nuinb<.‘red strips should be carefully jjickled and, after drying, weighed to 
the nearest gram and calipered to tlie nearest 0.001 inch. They should be dipped 
in commercial ground coat, dried, tired, weighed, and calipered. Strips which do 
not appear to represtmt g()o<l local ])ractice sliould bo rejected. Two coats of the 
enamel to be tested should 1)<‘ applied. Before tiring each cover coat, the edges 
should be brushed back Vs inch to lU'event the formation of a bead. Pieces show- 
ing excesHiv(‘ warpage or having tiring tool marks near the center should be 
rejected. After (Muinudiug, the stri])s slumld again be weighed a,nd calipered as 
before, ami ])y subtracting the weight, and thickness in ground coat, the wn;ight 
and thickness ot the cover cnaim'l are deteriuine<l. Eor use in the test only strix:)s 
bearing cover enaimd within ± VA gram and ± 0.001 inch of the amount de- 
termiiH'd ui)on should be use<L 

Testing. With th<‘ centtu- roller (Iropi)ed to a. sufliciently low position, test 
pieces should be so placed in tlu^ machine that the back ends will rest against the 
under sid(* of the Iniek roller, with the front ends not touching the front roller. 
Tlie position of the center rolku' should tlien be advanced until one or more of the 
strips just touches the under si<le of the front roller. The dial should ])e read 
and this reading takcni as the initial reading for the strips thus making contact. 
The center roller shouhl then he advanced at the spcvilied rate and the dial read- 
ings taken where (S'udi of the other strips makes contact. 

Fro!n ttu‘ time that tlu* tirst strip makes contact until the last strip has failed, 
the center roller should he advauct'd at the uniform rate of 0.02 inches every two 
minutes. 

.\ft('r the last strip has made eontaet the surface of each piece over the (‘enter 
roller sliould la* eoa,t(‘<l with a smear of lamphlaek in vaseline, and just liefore 
each advance in position, the surface should lie rubbed carefully with a cloth to 
not(‘ wludlun* or not a crack has Ixuni ]>rodueed. Pare should he taken to contiiic 
this rubbing to tlie ar<‘a inim<‘diately over the eenter roller, otherwise ])ressur(i on 
the t(‘st pi<‘c<‘s may alT<‘ct results. 

When flu* first signitic'aiit craek appears on a given stidp, the dial should be 
read and the value r<*<'orded as tlu* tiiial r(*adiiig for the strip involved. (The term 
‘ ^significant I'crn'k ” should lu* taken to im»au a eraek extending moi-e than half- 
way aerosH tin* test piece.) 

The difTt*r(‘n<'e lu'tweeii the initial and tiiia.1 readings for a given strip, express- 
ing the number (d’ huiulredtiis of an ineh of deflection to produee fjulure, should 
be taken as tlu* detleclion value for the pieeo. 

Deflection Value. Tlu* deflection value for u given enamel should be the aver- 
age results from not le.ss than six individual test pieces. The record of the test 
should include, the average weight and thieknoas of the ground and cover coats. 

Note 1 : In addition to the iuforumtion aflorded by the deflection to produce 
first crack, it is of value to continue the advance of the second roller, noting the 
behavior of the enamel under the more extreme deflection. 

Note 2: Two procedure's are recognized as being available, depending on 
whether the test is being used in connection with shop control or with develop- 
ment research. 
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(A) In shop control, it is recommended that each shop detcrmiiic the weight 
and thickness of enamel on the standard piece corresponding; to the thickness used 
in commercial practice, and that this weight and thickness be adhered to in the 
preparation of test pieces. (Information now available suggests a weight range 
of from 7 to 10 grams as covering practice for two coats of white enamel.) 

(B) In connection with development research, where more complete informa- 
tion is desirable, it is recommended that for each enamel there be prepared test 
pieces of three or more dilffierent thicknesses, covering a range from well below to 
well above the normal thickness. The average dellection of each set plotted 
against the corresponding thicknesses results in a curve which affords a truer 
picture of the behavior of the enamel than docs a determination on only one 
thickness. 

CHEMICAL PROPERTIES 

The chemical properties of enamels vary over <i wide range. Some 
enamels will withstand strong aQids for long periods of time and at 
elevated temperatures, while others are stained by water at room 
temperatures. Again the principle of sacrificing one property to 
develop another more important to a particular use comes into effect. 
If high resistance to solubility is desired, the low fusibility must be 
sacrificed and, if high resistance to acid is desired, high resistance to 
alkali must he sacrificed. A practical compromise is generally reached, 
however, wherein the properties are balanced to suit the service con- 
ditions of the enamel. 

The chemical properties are important to enamels used for indus- 
trial tanks, kitchen Avare, or any other ware where the enamel is sub- 
jected to acid or basic solutions. Chemical resistance is also n('cessary 
in enamels used for signs or other purposes, where they are subjected 
to weather conditions. The corrosion resistance of enamels also finds 
an important place in pipe and equipment buried in the soil. 

Only acid-resisting enamels can be used for food utensils, particu- 
larly if the enamels contain either lead or antimony. Lead should not 
be present (is practically never present) in such enamels and care 
must be taken if antimony is used. The antimony in enamels is added 
as an opacifier and since only that oxidized to the pentoxide con- 
tributes opacity most of it is inert. 

Under ordinary food service the antimony is not detrimental be- 
cause the enamel, even when soluble, dissolves only very slowly and 
most of the antimony when present is in the inert form and even then 
in very small amounts. If, however, antimony enamels which 
soluble in fruit acids, such as strong lemon juice, are used, there 
appears to be a possibility of difficulty. No such cases in America are 
known to the author, hut a few rare cases of temporary illness have 
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been blamed on enamel in Europe,®^ The theory of these cases is that 
the trivalent antimony reacted with citric or tartaric acids in strong 
lemon juice when the enamel; which mnst ha^^e been of exceptionally 
poor qnality, was dissolved. 

The simple spot test (page 369), using lemon juice, should be an 
assurance against any possibility of trouble. This spot test is com- 
monly used by manufacturers of enameled ware, in routine proving of 
their cpiality. 

The mechanism of solution is not the same with all enamels. Some 
enamels are etched uniformly over the surface, some quite unevenly, 
and others only in lines between what appears to be grains of insoluble 
enamel. The first type of solubility is characteristic of enamels which 
show only moderate resistance. The second type with irregular attack 
is characteristic of enamels which are improperl^^ processed, while the 
third typ(‘, showing line or grain inter-face attack, is characteristic of 
acid-resisting, but not acid-proof enamels. This last type of attack can 
be halted by refiring, as explained on page 348. 

ACID TESTS 

Four different acid tests are in common use, the spot test, the grain 
test, the dish test, and the reflux test. 

Spot Test. The simplest acid test for enamels is the spot test. It 
consists of placing a drop of acid solution on the "ware for a given 
period of time, washing, and observing the effect. This test is very 
sensitive, enamels being generally attacked in five minutes, if they are 
at all soluble in the solution. It is a simulative service test for many 
types of ware, such as kitchen sinks, table tops, and refrigerator 
linings. A test of this sort, using ten per cent citric acid placed on the 
enamel for fifteen minutes, wull usually show a stain, unless the enamel 
is very r(‘sistant to fruit jiiice.s and weak acids. 

Grain Test. The grain test consists of subjecting grains of frit of 
known size to acid solution (usually at an elevated temperature) for 
a definite jieriod of time. 

A convenient grain test is one in which frit, passing a No. 20 sieve 
and remaining on a No. 30 sieve, is first washed with absolute alcohol 
to remove any adhering dust. Ten grams of the frit are then weighed 
into a 150 ec. Erlenmeyer flask, to which are added 75 ce. of a twenty 
per cent soh|tion of hydrochloric acid. The fias-k is stoppered with a 
cork through which a five millimeter glass tube extends about twenty 

O, W. Monier-WUliams, Reports on Public Healtb and. Medical Subjects, Ministry of 
Uoalth, No. 29 (1925), No. 78 (1984). 
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centimeters above the flask to act as a refinx condenser. The flask is 
then placed on a sand bath and the contents boiled for five hours. 
Since a twenty per cent solution of hydrochloric acid is about a 
constant boiling proportion, the acid automatically stays at this concen- 
tration throughout the test. 

After the heating period the residue is washed onto a previously 
prepared, dried, and weighed Gooch filter. The residue is then dried 
and weighed. The following formula gives the percentage loss in 
weight of the enamel : 

Wt. of sample — Wt. of residue 

Percentage Loss = X 100 

(solubility) Wt. of sample 

Dish Test. The dish test consists of placing an acid solution in a 
previously weighed, enameled dish and determining the loss of weight 
over a period of time. This test has many modifications with respect 
to the strength and composition of the acid solution and the tempera- 
ture and time used. In some cases, the results are re])resented as a 
loss in weight and in others by the appearance. The use of dyes or 
‘^aquadag” on the attacked surface sometimes aids in the interpreta- 
tion of results by visual inspection. 

Reflux Test. The typical reflux test is confined chiefly to tests of 
highly resistant enamels. In this test a water-cooled reflux condenser 
is used on a receptacle, either lined with the enamel to be tested or 
containing the enameled test piece. The acid solution is boiled in this 
receptacle, the enamel being thereby tested in either the liquid or the 
vapor phase or both. The results are expressed either on the basis of 
appearance or as loss in weight. 

ALKALI TESTS 

The tests for resistance to alkali are carried out in a similar manner 
to those for acid, except that an alkaline solution is used. Alkali 
attack is generally slower than acid attack ; therefore the use of the spot 
test is not common. 

HOT WATER TEST 

Water at temperatures up to the boiling point does not affect most 
enamels, even in extremely long periods of time. The reflux boiling 
test is, therefore, only used if the enamels arc quite soluble. 

AUTOCLAVE TEST 

At temperatures above boiling, many enamels are rapidly disinte- 
grated by the action of either the steam or the water phase, the former 
being much more severe. 
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In the autoclave test, the enamel specimens and water are placed in 
an autoclave (steam-tight cylinder or bomb) and heated above the 
boiling temperature of water. The temperature and the pressure rise 
together, either being useful for the measurement of the conditions. 
Most enamels, exposed to pressures of 48 lbs. (295.5° F) show attack 
in twenty-four hours. The attack increases with time. Some enamels 
will withstand 190 lbs. (383.7° P) for several days, but, as time passes, 
the enaimd will be completely removed from the iron. 


TABLE 53 

Tempjckature and Gauge Pressure Reuavions in an Autoclave 

Prc.sftiire in ponndfi °F °G 


Atmospliore 0 212 100 

8tea,m 25 266.7 130.1 

Steam 50 297.7 147.6 

Stoam 100 337.3 169.9 

Steam 150 365.9 185.8 

Steam 200 387.9 197.7 

Steam 250 406 207.8 


WEATHERING 

Many enamels are severely attacked by outdoor weather conditions. 
This attack is often called fading because of the change in color, but is 
actually a solution of the enamel surface. It is particularly severe in 
cong*(‘sted areas where the atmosiihere contains sulphur gases and 
carbon dioxide. It is bad in seacoast towns where the humidity is 
high. In some cases, enamels show a similar condition caused by heavy 
dust and sand blovm against them. Enamels used for signs or other 
outdoor service are usually very resistant to solution. 

No satisfactory test for the weather resistance of vitreous enamels 
has been devised and no survey of the different types of enamels 
ex]K)sed to actual service conditions has ever been completed. The 
present sign enamels are a result of interpretations from acid tests and 
a survival of the fittest. 

The weatherometer, designed and used for studying the resistance of 
paints to iveather, has not been particularly successful for vitreous 
enamels. 

EFFECT OF SOIL 

The effect of soil on enamels opens an important and large field 
for the Tise of vitreous enamels in the prevention of corrosion. The 
work on this subject has, however, been limited to a few companies 
that are particularly interested and the exact information is not 

A. 0. Smith Corporation, Milwaukee, Wisconsin. 
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available for publication. Enamels can, however, be made resistant to 
many years of exposure in both acid and basic soils. Eeports on enamel 
ware buried for many years are available. 

An accelerated soil test can be used to compare (mamels for this 
purpose. The autoclave test, the acid test, and the alkali tests are not 
reliable as a means of determining resistance to the action of soil. 

SCUMMING 

The scumming of enamels caused by sulphur gases during manu- 
facture can be identified by the salty taste. If tlie scum is dissolved 
o:ffi the enamel with distilled water and treated with a f(^w drops of 
barium chloride solution, a white precipitate of bariVim sul])hate forms. 

CHEMICAL ANALYSIS 

The chemical analysis of enamel glasses is a highly specialized 
branch of analytical chemistry and will not be dt‘scribed here. The 
separation, of the elements present, is difficult and sliould be entrusted 
only to a skilled analyst who is familiar with this ty])e of work. 

DEFECTS 

Although an enamel may be made under conditions which are 
carefully controlled, occasional defects will a])pear. The tracing of 
defects to their source and the elimination is often very troublesome. 
It is quite common for a defect to be the result of several contributing 
factors, none of which alone would cause it. It is far easi(U' to avoid 
defects than it is to eliminate them. 

Blistering. Blistering is the existence of gas bubbles in tin? surface 
of the cooled enamel. 

In the firing of enamels, gases are evolved wlu(ih must escape 
through the surface. In some cases the volume is large and the time 
of evolution is long, while in other cases the effect is hardly perceptible. 
To avoid blistering, these gases must escape and the enamcd must heal 
over. 

If the iron is poor, high in carbon, or not properly cleaned and 
prepared for the enamel, the evolution of gases is either excessive or 
the bubbles are so large that they cannot be eliminated. Improper 
preparation of the metal surface is the most common c^iuse of blistering 
and the one which is first suspected. 

Since hubbies of gas must pass through the enamel to escape daring 
firing, any factor contributing to an increased viscosity or surface 
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tension of the enamel will contribute to the entrapping of these gases. 
Thus, underfiring with regard to either time or temperature is a cause 
for blistering. If the enamel coating is unduly thick, it may in itself 
prevent the rapid elimination of the gases. 

Water vapor in the atmosphere of the furnace during firing will 
also cause severe blistering, although the exact reason for this is not 
known. 

Any dirt or impurities in the enamel may cause an increased 
evolution of gas and result in blistering. 

In summarizing, blistering may be caused by (a) improperly 
cleaned iron, (b) poor iron, (c) improper firing, (d) thick applica- 
tion, (e) contamination by impurities, and (f) water vapor in the 
furnace atmosi)here. 

Chipping. Chipping is the cracking off of pieces of enamel' either 
during the cooling or later. Chipping usually extends to the iron, 
although in some cases it does not. 

Given a, good enamel, chipping is generally caused by too thick a 
coating, meelianieal abuse, or a dirty metal surface. If the enamel has 
a smaller thermal expansion than the iron, the tendency for chipping 
is aggravated. The enamel, on cooling from the furnace temperature, 
is thus put under compression by the iron and chipping results. 
Wherever enamel collects as a bead or gob, chipping is likely to occur, 
because of the uneven strains set up. . At sharp corners or edges 
chipping' is quite common, therefore, these should be avoided in the 
design of the ware. 

In the assembly of enameled parts mechanical abuse is a common 
cause of chipping. The cover enamels are not often used around screw 
holes, since the additional thickness of these coats aggravates chipping 
at sucli places where the enamel is subjected to strain. 

Copper-heading. Copper-heads are reddish brown spots which 
appear in sheet iron ground, coat enamels. These spots may vary in size 
from almost invisible specks to about one-eighth of an inch in 
diameter. The small copper-heads are always depressed, but the large 
ones may be accompanied by a pulling away or curling up of the 
enamel. 

On examining copper-heads under a microscope by both cross- 
section and vertical view, they appear to be of a slag-like nature. In 
most cases they extend from the iron to the enamel surface. They 
appear to be caused by the oxidation of the. iron due to a break in the 
continuity of the enamel or a floating of iron scale or oxide in the 
enamel. 
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Copper-heads are generally caused by eilii(‘r badly boiling iron or a 
surface which has not been properly pr(‘])an‘(l for cvnanuding. If the 
iron boils badly, little can be done to eliminate coppt‘r-heading, allhoiigh 
very fusible enamels fired at lower temp(‘ratnr(‘s ar(‘ nior(‘ siu^eessful 
than the harder ones. Irons having a high earl)on ('ontimt lend to 
copper-head more than those of low carbon, if slu‘(d iron is blast ( m 1 with 
steel grit, copper-heading is quite prevalent, 1 Iigh-pr(‘ssur(‘ sand blast- 
ing also aggravates copper-heading. 

Improper cleaning and pickling of the iron may eansi* (‘.oppm'-head- 
ing, due to the fact that the enamel does not adluna' widl to dirty iron 
and may, therefore, allow air to get to the iron. Th(‘ (‘liminalion of dirt 
on the iron surface may cause large bubbles, which on hia^aking allow 
the oxygen of the air to reach the bare metal and start c()p[)er-heading. 

Copper-heading is more likely to occur if th(‘ (uianud is too thin, 
because of the ease of slagging through tlu‘ thin surfa(*(‘. 

Crazing. Crazing is a cracking of the enamel coating into a net 
work of very fine lines. The cracks extend from th(‘ surfa<*(‘ of the 
enamel to the iron and may be straiglit or iri’egular. Crazing oc'curs 
after the enamel is cooled or in alternate heating and (‘ooling in use. 
It is caused by uneven expansion and contraction of th(‘ (uiamel and 
the iron. The proper adjustment of the enamel composition, the elim- 
ination of the severe heating and cooling of tlu' (aianud })arts in s(‘rviee, 
and proper design are about the only methods of avoiding (*razing. 

Egg Shell. An egg shell appearance of the surface is caused by 
many small bubbles bursting at the svirfac(‘ of tlie enamel when it 
cools. It is usually characteristic of the enanud c-omposition, although 
moisture in the furnace atmosphere may eontrihute. 

An. enamel high in the alkalies (sodium and i)otassium) is very 
likely to show the egg shell appearance. Over tw(Uity per cent of 
alkalies in the total chemical composition is daiig(‘r()us. A high fluor- 
spar cover enamel also tends to egg shell; in fact a,u (vxc(‘ssive amount 
of any of the most volatile fluxes tends to devcdop this (hdVet. Some 
clays used as mill additions produce a similar effect. 

Fishscale. Fishscales in enamel are small chips or scales which pop 
loose from the layer after the enamel is cooled. Th(‘y may appear 
immediately or they may be delayed for some lime. Two varieties are 
recognized — the fine fishscale ^'shiners’’ and the large fishscale. These 
particles are half -moon shaped, thin on one edge and thick on the 
other, resembling the scale on fish. 

Fishscale is a defect occurring only in sheet iron ground coats, 
although in some cases the fishscale is delayed until after the cover 
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enamel is applied, in whicli case the defect extends through the cover 
enamel. It is, therefore, not uncommon to see fishscale in cover enamels, 
but these fishscales are believed always to find their source in the ground 
coat. 

Fishscaling is one of the very troublesome defects occurring in 
enamels, because the source is often very difficult to trace. It seems to 
be caused by many conditions, and often combinations of these condi- 
tions, none of which would cause it alone. In the elimination of fish- 
scale it is necessary to check up on the control of the enamel through 
the entire manufacturing process, raising the standard of quality 
throughout. 

The composition of the enamel influences the fishscaling tendency in 
that it controls certain physical properties such as thermal expansion, 
strength, and elasticity. Some compositions are much more likely to 
fishscale than others, but any ground coat may fishscale if other 
conditions contribute to it. 

If the enamel is under-smelted, it is likely to fishscale because of 
the non-uniformity of the glass and, if over-smelted, it is likely to fish- 
.scale because of the loss of fluxes and the development of a weak, 
brittle glass. 

Milling of the enamel may offer a source of contamination of mill 
lining or balls, which may cause fishscale. Irregular sized particles in 
milling also contribute to an uneven enamel glass after firing. Mill 
additions affect the set of the enamel and may, therefore, indirectly 
cause fishscaling. An enamel which is not properly set up is quite 
likely to segregate, which again contributes to the strains in the fired 
enamel and results in fishscale. 

The application of enamel to give a uniform coating of glass is 
important. Dip tanks which are not thoroughly stirred or contain 
considerable residue are likely to contribute to the fishscale defect. 

Poorly prei)ared enameling surfaces cause an uneven adherence 
and distribution of strains in the enamel and may cause fishscale. The 
cleaning and pickling of the iron is, therefore, a factor of importance. 

Underfired enamels are weak mechanically and have not been 
melted to a condition of uniformity. Fishscales caused by underfiring 
are of the large variety, which are often delayed until after the ware 
has passed inspection. 

Fishscales caused by overfiring are of the small, or shiner, variety. 
They may be almost microscopic, appearing to the naked eye like tiny 
stars. They are probably due to the volatilization of some of the fluxes 
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at the surface, the concentration of fluxes at the surface, or the elimina- 
tion of too great an amount of the bubble structure of the enamel. 

To fire enamels successfully without producing fishscale, it is 
necessary, therefore, to watch the temperature distribution and any 
change in the equipment that may influence this. 

The base metal is another important source of fishscale, particularly 
if the carbon content, thermal expansion, or thickness is not uniform. 
The enamel may fit one iron and never fishscale, while with another 
one it may fishscale badly. 

Insufficient oxygen to produce good adherence may induce fishscale, 
which usually appears first as light spots under the surface, but which 
later breaks through. 

Gloss. The quality of the gloss of enamels is the result of many fac- 
tors. The chemical composition must be controlled to avoid pin-hole 
bubbles, devitrification and scumming, which are detrimental to gloss. 
Excessive mill additions or mill additions that contribute impurities 
which form scum or excessive gassing must be avoided. 

Underfiring is a common cause of poor gloss, while improper firing 
of any kind, smelting, or milling may contribute appreciably to the 
defect. 

Hairlining. Hairlining differs from crazing in that the cracks are 
healed over in subsequent firings. They are characteristic of sheet iron 
ground coats, although they also occur in wet process cast iron enamels. 
Hairlining usually makes up a more or less regular pattern, the lines 
radiating from a certain area or running parallel. 

Hairlining may be caused by strains due to design, mechanical 
abuse, unequal heating and cooling, or underfiring. The design of 
corners, flanges, ears, or handles may be a contributing cause of hair- 
lining. For example, this defect often appears on kitchen ware near 
the handles, on table tops near the edges, or stove pai'ts near the 
flanges. Mechanical strains produced by rough handling or bending 
the ware after removing the ground coat from the furnace are a 
common cause of hairlining. In the brushing operation, the ware 
should be kept flat and placed on a solid base so that it will not be 
excessively distorted. 

Unequal heating or cooling may cause strains leading to hair- 
lining. If the ware is crowded in the furnace, it is not uniformly 
heated and unequal firing or underfiring of certain areas is the result. 

In cast iron ware hairlining is usually caused by poorly designed 
castings with unequal thicknesses. The latter is not common, however, 
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and hairlining' is characteristically a sheet iron ground coat defect 
which appears in the subsequent coats of enamel. 

Jumping. Jumping is a chipping of the first coat during the subse- 
quent heatings of the cover enamels. It is caused by poor adherence to 
the iron, which permits the ground coat to pop off, taking the cover 
enamel with it, when subjected to the strains of reheating. It is more 
characteristic of wet process cast iron enamels than sheet iron, but does 
occur with both. 

The fundamental cause of jumping is iron which is not perfectly 
clean. A spot of oil, scale, rust, or dirt may prevent the ground coat 
from adhering in that area. The coating, therefore, readily shatters 
when subjected to reheating and the iron is left bare. Jumping can 
sometimes be traced to rust spots which formed even before thorough 
sandblasting on east iron. 

Tool Marks. Tool or pin marks are cracks radiating from the point 
where the ware rested on the tool during firing. They are generally 
caused by either too heavy tools or tools which are too cold. The 
difference in the rate of heating or cooling around these points causes 
the metal to strain or bulge, resulting in the cracks in the enamel. 

Reboiling. When the cover enamel is fired over a ground coat on 
sheet iron, the ground coat sometimes boils at about 1100° F, causing 
breaks in the continuity of the cover enamel. This defect appears in 
the cover enamel as dark specks where the ground coat enamel has 
pushed up through the cover. The exact causes and remedies are not 
known although the defect is more common with some irons than with 
others. See page 297. 

Rusting. During the drying of ground coat enamels, rust is some- 
times formed, which causes a discoloration. It is more common on cast 
iron enamels, of both the wet and dry process, than in sheet iron 
enamels. Rusting nearly always takes place in drying the slush coat on 
dry proe(‘ss enamels, but, since it is not objectionable unless very bad, 
it has not received much attention there. In sheet iron ground coats 
rusting is not common, since a choice of electrolytes can be made to 
control it. The use of magnesium sulphate for such enamels promotes 
rusting and should be avoided. Sodium nitrite, ammonium carbonate 
and sodium carbonate tend to inhibit rusting in sheet iron ground 
coats. The nature of the steel influences the extent and nature of the 
rusting, a commercially pure iron rusting very little, while an impure 
or high carbon iron promotes rusting. 

Rusting is sometimes quite troublesome in wet process cast iron 
enamels ; the nature of the enamel itself seems to influence the effect of 
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the particular electrolyte. The common inhibitors which. i)revent it in 
one case may not function in another; therefore, trial tests with these 
different salts constitute the most dependable method of securing an 
enamel which does not cause rusting of the iron. 

In any case of rusting, rapid drying is the most desirable^ procedure, 
since such treatment reduces the length of time during wliieh rusting 
can take place. Where rusting is desired, as in granite war<*, humidity 
dryers are used to lengthen the rusting period. 

Specking. Specking is the occurrence of dark spec^ks in light 
enamel. It is generally caused by contamination from fortugn matiudals, 
although it may be due to reboiling, or even fishsealing. Scmietimes 
the latter two causes can be identified by underfiring a piece of ware 
and observing the specks. If due to fishseale, they are easily recognized 
and, if caused by reboiling, the bubbles should be percepti])le. 

Foreign material in an enamel may find its source eithei* in the raw 
materials or from any of the manufacturing operations. To trace the 
source of this material, it is usually necessary to check up on all of the 
operations with the elimination of dirt in general. Mmth conld be 
written on this subject, since there are many places where foreign 
materials may enter the enamel. 

Tearing. Tearing generally appears in the firing process, although 
it finds its source in drying. The enamel cracks in drying and pulls 
away along irregular tears, exposing the enamel rnulerneath. Some- 
times it extends clear through the coat and vsometinu^s it is merely a 
surface defect. When the whole enamel layer i)u1Ik away, it is some- 
times the cause of crawling and curling. It is essentially a (‘ov(u* enamel 
defect, although in some eases it does occur in ground coats. 

The common causes of tearing are too fine grinding or too rapid 
drying. The enamel shrinks during the drying process ; therefore 
anything which either increases the total shrinkage or decreases its 
drying strength is likely to promote tearing. Pitie grinding increases 
the amount of shrinkage because of the fineness of the ])articles, and the 
necessity for additional water in the slip to make it a,p])Iy well. If 
applied too wet or dried too rapidly, the enamel surface (lri(‘s before 
that underneath and a differential shrinkage is produced, wliieh results 
in drying cracks. Too heavy an application causes the same effect and 
is a common cause for tearing, even if all other conditions are satis- 
factory. If the clay content is low, the strength of the dry coating 
decreases and tearing is likely to occur. 

Some enamel compositions tear much more than others; for 
example, those high in boric oxide or those of high acid resistance are 
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more likely to tear. Such enamels must be milled more coarsely and 
additional clay and electrolytes may be necessary. 

Warping. Warping is the distortion of the ware during firing or on 
cooling. The most common cause of warping is poor design or improper 
support during firing. Light gauges of metal must be supported at 
more places than heavy stock to prevent sagging between the supports. 
Such trouble is readily detected and remedied. In some eases the 
design of the ware is such that it heats and cools unevenly or does not 
have sufficient strength to support itsejlf. In the former case the 
design must be either modified or the arrangement in the furnace 
changed to take care of the difi'erences in temperature. In the latter 
case it may be necessary either to change the design, to brace the ware, 
or to use a heavier gauge stock. 

If the enamel composition is such that its thermal expansion is not 
close to that of the metal, it may cause warping, even of flat sheets hung 
vertically. 

In some cases strains within the metal may cause warping, and an 
annealing operation will be necessary to eliminate the trouble. 

Wavy Surface. A wavy surface on an enamel is generally caused 
by uneven application or a rough iron surface. Enamels which are very 
viscous tend to fire with a wavy surface, if they are not applied 
smoothly. Dry process enamel milled too fine for the dredge used in 
dusting will often cause a wavy appearance, due to uneven application. 
Although Avavy appearance often passes inspection, it should be 
avoided, because it detracts markedly from the quality of the ware. 

DRY PROCESS CAST IRON ENAMEL DEFECTS 

The following is a description of the defects characteristic of dry 
process cast iron enamels in paidicular: 

Run-Down, Beading. A rnn-down is an excessive amount of gloss 
coat gathering in one place on the ware. When a run-down occurs on 
the edges of the ware, it forms into beads and is known as heading. 
Ordinarily it takes only a slight blow on such a bead to cause chipping. 
This type of chip cannot be distinguished from the ordinary edge 
chip caused by a blow, unless the bead is seen before or after the 
damage occurs. A. run-down and liver along a bevel or corner of the 
apron very seldom chips otf, unless the blow is severe enough to chip 
the ordinary enameled surface. When the run-down occurs on the 
inside of the ware at the bottom corners, it sometimes results in a craze 
and may be distinguished as such. Unless the run-down, or liver, is of 

American Railway Assoc. Preight Container Bureau Bxil. No. 27. 
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large size and prominent, the manufacturers do not eonsid<u* it a cause 
for rejection. 

Casting Crack. A easting crack is a crack with no chipping around 
it. It is usually a manufacturers’ defect rather than a handling 
damage, for in the latter case there is, as a rule, considerable chipping 
around the damaged portion of the casting. Sornetinu^s, liowever, there 
is chipping around a defective casting crack, and to ascertain whether 
or not the chipping and crack were caused by a defective casting or by 
handling, the casting itself must be examiued closely. If the easting is 
defective, a small amount of the ground coat or the paint on tlie back 
of the casting will have run into the crack and adhered tlien^, whereas, 
if the casting has been broken by handling, the crack will be piu’feetly 
clean. 

Crazing. Crazing is usually due to an over-thickness of iron in. the 
easting or to an over-thickness of the enamel coat at the point wliere the 
crazing occurs. During the firing an unequal (‘xpansion of the enamel 
coat and the casting occurs at such points and, upon cooling, unequal 
stresses are set up in the enamel and casting, resulting in the hairline 
cracks. This type of defect is most prevalent along corners of tlie ware. 
It can be distinguished from the handling damage (shatter) caused by 
a blow on the casting, in that the lines of a craze will ])e nearly parallel, 
while the lines of the cracked enamel of a shatter will iionnally inter- 
sect or radiate from the central point where the blow was struck. 

Peeling (Lift). Peeling is caused by a number of faults in the 
manufacturing process, among which are the overfiring or underfiring 
of the ground coat, the easting not having been thoroughly cleaned 
before the ground coat was applied, or the ground coat having been 
rubbed off in places before the gloss coat was applitKl. Any one of 
these faults will contribute to the conditions shown. Peeling is 
prevalent at the free end of the apron of a. bath tub, Tiot protected 
during the firing by the body of the tub, and at points where there is 
a pronounced bevel. This type of defect can be distinguisluid from the 
handling damage (chipping) by the fact that the edges of the broken 
enamel will be more or less perpendicular to the surface of the casting 
and the outline of the break will not have an irregular and shattered 
appearance, while in chipping the edges of the break will have a 
shattered appearance and usually will be tapered away from the 
surface of the casting. 

Pin Hole Blister. A pin hole is a blister in the enamel coat which 
has burst during the firing process, allowing the enamel to run down 
the hole and leave a wavy effect. The blister in the enamel may result 
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from several diferent causes, the principal ones being imbedding of 
carbon particles in the gloss coat, a slight pit or hole in the easting 
itself, and foreign matter in the metal of the casting. Any one of 
these faults causes gases to be released under the surface of the enamel 
while the ware is being fired. The gas expands and forms a small 
bubble or blister. This bubble may burst during the firing process and 
allow the enamel to run down in the small hole formed, leaving the 
surface wavy. When this occurs, the defect is a pin hole. If the bubble 
does not burst during the firing, the defect is a blister. 

Pop-Off. A pop-off consists usually of a small portion of the enamel 
separating from the casting, the broken piece being tapered from 
the surface, leaving a small crater-like hole with the apex at the casting. 
This defect may be due to a number of causes, the principal ones being 
a small pit in the casting, or foreign matter other than iron in the 
casting. xV pop-off may also be caused by foreign matter becoming 
imbedded in the enamel and in this ease the break in the enamel seldom 
extends to the easting. 
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iN-TEIiNATIONAL ATOMIC WeIOHTS (1933) 


Xtun e 

S'j/rnbol 

M 

Kama 

Syvnhol 

M 

Alnniinuiii 

A1 

26.97 

Molybdenum 

Mo 

96.0 

Aiitinioiiy 

SI) 

121.76 

Needy miuni 

Nd 

144.27 

A r < 2:0 11 

A (Ar) 

89.944 

Neon 

Ne 

20.183 

Arsonit' 

As 

74.93 

Nickel 

Ni 

58.69 

Barium 

Ba 

137.36 

Niobium 

Nb 

93.1 

Bury Ilium 

Be 

9.02 

Nitrogen 

N 

14.008 

Bismuth 

Bi 

209.00 

Osmium 

Os 

190.8 

Boron 

B 

10.32 

Oxygen 

0 

16.000 

Bromiuo 

Br 

79.916 

Palladium 

Pd 

106.7 

C-julmium 

Cd 

112.41 

Phosphorus 

P 

31.02 

(husium 

Cs 

132.81 

Platinum 

Pt 

195.23 

Cah'ium 

Ca 

40.08 

Potassium 

K 

39.10 

Carbon 

(.1 

12.00 

Praseodymium 

Pr 

140.97 

Curium 

<’c 

140.13 

Radium 

Ea 

225.97 

ChloriiH' 

(M 

3r).4;’)7 

Radon 

Ell 

222.00 

Chromium 

(h' 

52.01 

Rhenium 

Ee 

186.31 

Cobalt 

('() 

58.94 

Rhodium 

Eh 

102.91 

Columbium 

(M) 

93.3 

Rubidium 

El) 

85.44 

Copper 

(hi 

63.57 

Ruthenium 

Eu 

101.7 

Dvsprosium 

Ly 

1()2.46 

Samarium 

Srn 

150.43 

Erbium 

Er 

167.64 

Scandium 

Sc 

45.10 

Europium 

Ell 

152.0 

Selenium 

So 

79.2 

Fluorine 

! F 

19.00 

Silicon 

Si 

28.06 

Gailolinium 

Gd 

1 57.3 

Silver 

Ag 

107.880 

Gallium 

Ga 

1 69.72 

Sodium 

Na. 

22.997 

Germanium 

Ge 

72.60 

Strontium 

Sr 

87.63 

Gold 

An 

197.2 

Sulphur 

S 

32.06 

Hafnium (Celtium') 

Hf 

178.6 

Tantalum 

Ta 

181.4 

Helium 

He 

4.002 

Tellurium 

Te 

127.5 

Hoimiuiu 

Ho 

1()3.5 

Terbium 

Tb 

159.2 

Hvdrop:(*n 

H 

1.0078 

Thallium 

T1 

204.39 

Illinium 

U 


Thorium 

Th 

232.12 

Tmlium 

In 

114.8 

Thulium 

Tm 

169.4 

Todiiio 

I 

126.92 

Till 

Sn 

118.70 

Iridium 

Ir 

193.1 

Titanium 

Ti 

47.90 

Iron 

Fe 

55.84, 

Tungsten 

W 

184.0 

B'rYpt('o , 

Kr 

83.7 

Uranium. 

XT 

238.14 

Lanthanum 

T.a 

138.92 

Vanadium 

Y 

50,95 

Lead 

I>h 

207.22 

Xenon 

Xe 

131.3 

Lithium 

Li 

6.940 

ytterbium 

Yb 

173.5 

Lutecium 

lai 

175.0 

Yttrium 

Y 

88.92 

Magnesium 

Mg 

24.32 

Zinc 

Zn 

65.38 

Manganese 

Mercury 

Mu 

Hg 

54.93 

200.61 

Zirconium 

Zr 

91.22 
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Standard Scales for Testing Sieves 
{AJ U. S. Standard Sieve Scriea t 

This sieve scale is essentially metric. The sieve liaving an opeuiiig of 1 nim. 
is the basic one, and the sieves above and below this in the series are related to it 
by using the fourth root of 2, or 1.1892 as the ratio of the width of one opening to 
the next smaller opening. In making selections from tliis series it is recommended 
that this be done on some systematic plan, as for example, tlie selection of every 
other sieve or of every fourth one in the series. 


TABLE 55 


Meshes pet- 

Sieve 

Sieve opening 

Sieve opening 

Wire (lianu’te.r 

irfrc diarnete.) 

lineal inch 

number 

( inch es ) 

(millimeters) 

(inches ) 

( jiiiUmieters) 

2.58 


.315 

8.00 

.073 

1.85 

3.03 

3 

.265 

6.73 

.065 

1.65 

3.57 

SVa 

.223 

5.66 

.057 

1.45 

4.22 

4 

.187 

4.76 

.050 

1.27 

4,98 

5 

.157 

4.00 

.044 

1.12 

5.81 

6 

.132 

3.36 

.040 

1.02 

6.80 

7 

.111 

2.83 

.036 

.92 

7.89 

8 

.0937 

2.3S 

.0331 

.84 

9.21 

10 

.0787 

2.00 

.0299 

.76 

10.72 

12 

.0661 

1.68 

.0272 

.69 

12.58 

14 

.0555 

1.41 

.0240 

.61 

14.66 

16 

.0469 

1.19 

.0213 

.54 

17.15 

18 

.0394 

1.00 

.0189 

.48 

20.16 

20 

.0331 

.84 

.01(55 

.42 

23.47 

25 

.0280 

.71 

.014(5 

.37 

27.62 

30 

.0232 

.59 

.0130 

.33 

32.15 

35 

.0197 

.50 

.0114 

.29 

38.02 

40 

.0165 

.42 

.0098 

.25 

44.44 

45 

.0138 

.35 

.0087 

.22 

52.36 

50 

.0117 

.297 

.0074 

.188 

61.93 

60 

.0098 

.250 

.0064 

.162 

72.46 

70 

.0083 

.210 

.0055 

.140 

85.47 

80 

.0070 

.177 

.0047 

.119 

101.01 

100 

.0059 

.149 

.0040 

.102 

120.48 

120 

.0049 

.125 

.0034 

.086 

142.86 

140 

.0041 

.105 

.0029 

.074 

166.67 

170 

.0035 

.088 . 

,0025 

.063 

200. 

200 

.0029 

.074 

.0021 

.053 

23tl0 

230 

.0024 

.002 

.0018 

.046 

270.26 

270 

.0021 

.053 

.0016 

.041 

323. 

325 

.0017 

.044 

.0014 

.036 


(B) The Tyler Standard Sieve Seriee ^ 

The Sieve scale has as its base an opening of .0029 inch which is tho opening 
in 200-mesh .0021-inch wire, the standard sieve, as adopted by the XJ. S. Bureau 
of Standards, the openings increasing in the ratio of the sipiare root 2 or 1.414. 

Where a closer sizing is required column 2 shows the Tyler Standard Screen 
Scale with intermediate sieves. In this series the sieve openings increase in the 
ratio of the fourth root of 2 or 1.1892. 

* The Standards Report for the Amer. Ceram Soc., 1928, 

t See Bull. Amer. Ceram. Soc., 2 f7], 238-40 (1923). 

± See Jorir. Amer. Ceram. Soc., 6 [3], 563-78 (1923) ; for Table see p. 846. 
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Tyler Standard 
Screm Scale. 
\/2 or 1.414 
( openings 
in irichea) 

7^ or closer sizing 
sieves f rom .0029 
to 1.0 50 -in. ratio 

.1 — 

\/2 or 1.1S9- 

0 penings 
(millmeters ) 

Openings 
( f ractions of inch ) 
(approx.) 

Uesh 

( per lineal 
inch) 

Diameter 
of wire 
(inches) 

1.050 

1.050 

26.67 

1 



.148 

— 

.883 

22.43 

% 

— 

.135 

.742 

.742 

18.85 

% 

— 

.135 

— 

.624 

15.85 

% 

— 

.120 

.525 

.525 

13,33 

V2 

— 

.105 

— 

.441 

11.20 

yic 

— 

.105 

.371 

.371 

9,423 

% 

— 

.092 

— 

.312 

7.925 

%6 

2M 

.088 

.263 

.203 

6.680 

% 

3 

.070 

— 

.221 

5.613 

%2 

3y2 

.065 

.185 

.185 

4.699 


4 

.065 

— 

.156 

3,962 

%2 

5 

.044 

.131 

.131 

3.327 

% 

6 

.036 

— 

.110 

2.794 

%4 

7 

.0328 

.093 

.003 

2.362 

%2 

8 

.032 

— 

.078 

1.981 

%4 

9 

.033 

,065 

.065 

1.651 

Me 

10 

.035 

— 

.055 

1.397 

— 

12 

.028 

.046 

.046 

1.168 

%4 

14 

.025 

— 

.0300 

.991 

— 

16 

.0235 

.0328 

.0328 

.833 

Me 

20 

.0172 

— 

.0276 

.701 

— 

24 

.0141 

.0232 

.0232 

.589 

— 

28 

.0125 



.0105 

.495 

— 

32 

.0118 

.0164 

.0164 

.417 

%4 

35 

.0122 

— 

.0138 

.351 

— 

42 

.0100 

.0116 

.0116 

.295 

— 

48 

.0092 



.0097 

.246 

— 

60 

.0070 

.0082 

.0082 

.208 


65 

.0072 



.0069 

.175 

— 

80 

.0056 

.0058 

.0058 

.147 

— 

100 

.0042 


.0049 

.124 

— 

115 

,0038 

.0041 

.0041 

.104 

— 

150 

.0026 



.0035 

.088 

— 

170 

.0024 

.0029 

.0029 

.074 

— 

200 

.0021 


Coarser sizing— -3- 

to IM'iiich opening 






3 

— 

M 





2 

— 

.192 

— p. 


— 

IVe 

— 

.148 




TABLE 5f3. Volume and Weight Conveksion Table 

Van Nostrand's Chemical Annual, J. 0. Olsen, Table 234 (1934). 
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CO IH lO lO rH CO ira ■rj< tH CO CJ ‘O O O -C 

CD CO l35 CO CO DO CO rH CO cO CO rH O lO 

' Cl t- rt( t- O' CO Cl t- »0 O ~ “ 


; C Tt< 05 


. CO 


:■ o CO 


.= • 


Cl to CD tH Cl O VO lO Cl CO O' O O 

; VO eo I'- V(0 05 CO 05 05 O' O' o 

' VO t> th CO ,0 t>- o Tjt Cl VO o O' 

3 ^ 9 CO ^ 9 CO CO g c. g 

3 2 <31 tH t- g tH 00 C- VO O g 
1 Cl 05 CO 9 CO Cl CO rH rH 2 


C- O CO C35 00 VO r-H CO iH o t- O VO Cl Cl 

Cl CO VO 05 rH CO Tf Cl C» O VO O O CO CO 

H Cl rH CO CD to Tt( VO VO CO O Cl ^ 

CO Tji S VO Ttt OCI iH 00 Cl Cl o Cl o S 

g ci S g 9 9 9 c?g g g 9 g S 

9 CO H 9 iH Cl X ’ 9 9 9 y-i 9 Cl Cl 


VO cl ‘O O O CO CO VO o CO 05 CO C 

O L'- Ttl CO l> VO Cl CO CO VO o Cl f- Cl c 

05 CO Cl t- VO >r}l t> CO 05 O VO CD 05 . 

CO W 2 05 CO CO H rH CO VO o tH Cl i 

'cH .J g t' Cl VO _• w rx) t- O Cl C' ^ 

9 S i 9 ^ fi S ®- 9 9 ^ w 9 « I 


t-X05XXC0l'-C0TtlOf^O'!fl0505 
CO Tit H O tH Cl X rH O VO O t-* CO ‘ 

ox^eoo3Xvocib-ocoocii>2 
X g g 9 9 TO g g g -1 9 g 9 Cl 

v>05Co9cOCOTO9 9 9cOCDglOvO 
9 05 cl iH r-( CO H 9 tH H H rH 9 CO CO 


l>XOCOOO‘*cHCOOt'-C'COr-lt>t'- 
vo O : H CO CO O X o VO O CO VO o ^ 
X'«iHSXTHcat“00'st<OrX3r-<io9 

05 TO O <^'1 J o H O ‘O Cl rH 2 

N 9 2 VO ■ ' o o th ^ CO 

tH ^ ifj O CM ^ • rv\ ^ C4l CM 

9 05Cl9HC0H9rH9HiH9c0OT 


p* r K_, N 

H fx< Q 


S . ^ 

gM 

d d d c8 »-i tq N.aHQO.tJ d 

ooopqPMO'ciJcbooSSo^o 


Note. The small siibnumeral following i zero indicates that the zero is to be taken that number of times; thus, .O 3 I 428 is equivalent to .U001428 
Values used in constructing table: 

1 inch ^2.54001 cm. 1 Ih av — .^QP.f; «- t n. — < 7 ..,*.. 
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TABLE 57 

Tempjsrature Go'Nversion Tables 
Alukrt Sauveur 


c 


F 

C 


F 

C 


F 


—459.4 


— 16.6 

2 

35.6 

10.4 

51 

123.8 

— -2(>S 

— 450 


— 16.1 

3 

37.4 

11.1 

52 

125.6 




— 15.5 


39.2 

11.5 

53 

127.4 




4 


— 430 


— 15.0 

5 

41.0 

12.1 

54 

129.2 

—■251 

—420 


— 14.4 

6 

42.8 

12.6 

55 

131.0 

— 24(> 

— 410 


— 15.9 

7 

44.6 

13.2 

56 

132.8 

—240 

— 400 


— 13.3 

8 

46.4 

13.7 

57 

134.6 

--254 

—390 


— 12.7 

9 

48.2 

14.3 

58 

136.4 

— 220 

— 380 


122 

10 

50.0 

14.8 

59 

138.2 

' - 225 

— 370 


— 11.6 

11 

51.8 

15.6 

60 

140.0 

- 2 IS 

— 360 


— 11.1 

12 

53.6 

16.1 

61 

141.8 

--2 12 

— 350 


— 10.5 

13 

55.4 

16.6 

62 

143.6 

- - 207 

— 340 


— 10.0 

14 

57.2 

17.1 

63 

145.4 

-201 

--330 


— 9.4 

15 

59.0 

17.7 

64 

147.2 

.. -100 

- -320 


— 8.8 

16 

60.8 

18.2 

65 

149.0 

— 100 

- 310 


— 8.5 

17 

62.6 

18.8 

66 

150.8 

... 1S4 

—300 


— 7.7 

18 

64.4 

19.3 

67 

152.6 

-170 

— 200 


— 7.2 

19 

66.2 

19.9 

68 

154.4 

..... 1 7:i 

—280 


— 6.6 

20 

68.0 

20.4 

69 

156.2 

— 100 

— 273 

—459.4 

— 6.1 

21 

69.8 

21.0 

70 

158.0 

— lOS 

—270 

—454 

— 5.5 

22 

71.6 

21.5 

71 

159.8 

— 102 

.—260 

—456 

— 5.0 

23 

75.4 

22 2 

72 

161.6 

157 

—250 

— 41S 

— 4.4 

24 

75.2 

22.7 

73 

163.4 

-■151 

■■ -240 

—400 

— 5.9 

25 

77.0 

25.3 

74 

165.2 

— 140 

—230 

— 5S2 

— 5.3 

26 

78.8 

23.8 

75 

167.0 

.■ 140 

—220 

—364 

— 2..8 

27 

80.6 

24.4 

76 

168.8 

...... llhi 

—210 

—546 

2 2 

28 

82.4 

25.0 

77 

170.6 

— 120 

— 200 

—528 

— r .6 

29 

84.2 

25.5 

78 

172.4 

■125 

- 190 

—510 

— 1.1 

30 

86.0 

26.2 

79 

174.2 

--ns 

---180 

2 t)o 

— .6 

31 

87.8 

26.8 

80 

176.0 

- 112 

— 170 

—274 

— 0 

32 

89.6 

27.3 

81 

177.8 

-107 

160 

—256 

.5 

33 

91.4 

27.7 

82 

179.6 

101 

— 150 

—258 

1.1 

34 

95.2 

28.2 

83 

181.4 

- 00 

-140 

—220 

1.6 

35 

95.0 

28.8 

84 

183.2 

00 

130 

—202 

2.2 

36 

96.8 

29.5 

85 

185.0 

S4 

120 

—184 

2.*7 

37 

98.6 

29.9 

86 

186.8 

70 

110 

—166 

5,5 

38 

100.4 

30.4 

87 

188.6 

.... 7:i 

100 

—148 

5.8 

39 

102.2 

51.0 

88 

190.4 

.... . (js 

- 90 

—150 

4.4 

40 

104.0 

31.5 

89 

192.2 

- - 02 

80 

—112 

4.9 

41 

105.8 

52.1 

90 

194.0 

’ 57 

70 

()4 

5.5 

42 

107.6 

32.6 

91 

195.8 

51 

60 

....™ 76 

6.0 

43 

109.4 

55.5 

92 

197.6 

.. .. .to 

50 

— 58 

6.6 

44 

111.2 

55.8 

93 

199.4 

10 

- 40 

— 40 

7.1 

45 

113.0 

54.4 

94 

201.2 

■ 54 

. .. 30 

22 

7.7 

46 

114.8 

34.9 

95 

203.0 

- 20 

20 

"4 

8.2 

47 

116.6 

55.5 

96 

204.8 

25 

.... 10 

14 

8.8 

48 

118.4 

36.1 

97 

206.6 

- 17,7 

0 

52 

9.5 

49 

120.2 

36.6 

98 

208.4 

17.2 

1 

55.8 

9.9 

50 

122.0 

37.1 

99 

210.2 

»■» 10.0 

2 

55.6 

10.4 

51 

123.8 

37.7 

100 

212.0 


Note: The numbers in bold face refer to the temperature either in degrees Centigrade or 
Fahrenheit which it is desired to convert into the other scale. If converting from Fahrenheit 
d(vgreK>8 to C'entigrade degrees the equivalent temperature will he found in the left column, while 
if converting from degr(?es Centigrade to degrees Fahrenheit, the answer will he found in the 
column on the right. 
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ENAMELS 


Temper-ature ConverSiION Tables (Continued) 


c 


F 

0 

38 

100 

212 

260 

43 

110 

230 

265 

49 

120 

248 

271 

54 

130 

266 

276 

60 

140 

284 

282 

65 

150 

302 

288 

71 

160 

320 

293 

76 

170 

338 

299 

83 

180 

356 

304 

88 

190 

374 

310 

93 

200 

392 

315 

99 

210 

410 

321 

100 

212 

413 

326 

104 

220 

428 

332 

110 

230 

446 

338 

115 

240 

464 

1 343 

121 

250 

482 

349 

127 

260 

500 

354 

132 

270 

518 

360 

138 

280 

536 

365 

143 

290 

554 

371 

149 

300 

572 

376 

154 

310 

590 

382 

160 

320 

608 

387 

165 

330 

626 

393 

171 

340 

644 

399 

177 

350 

662 

404 

182 

360 

680 

410 

188 

370 

698 

415 

193 

380 

716 

421 

199 

390 

734 

426 

204 

400 

752 

432 

210 

410 

770 

438 

215 

420 

788 

443 

221 

430 

806 

449 

226 

440 

824 

454 

232 

450 

842 

460 

238 

460 

860 

465 

243 

470 

878 

471 

249 

480 

896 

476 

254 

490 

914 

482 

260 

500 

932 

487 


493 

498 

504 

510 

515 

520 

526 

532 

538 


F 

0 

500 

932 

538 

1000 

510 

950 

543 

1010 

520 

968 

549 

1020 

530 

986 

554 

1030 

540 

1004 

560 

1040 

550 

1022 

565 

1050 

560 

1040 

571 

1060 

570 

1058 

576 

1070 

580 

1076 

582 

1080 

590 

1094 

587 

1090 

600 

1112 

593 

1100 

610 

1130 

598 

1110 

620 

1148 

604 

1120 

630 

1166 

609 

1130 

640 

1184 

615 

1140 

650 

1202 

620 

1150 

660 

1220 

626 

1160 

670 

1238 

631 

1170 

680 

1256 

637 

1180 

690 

1274 

642 

1190 

700 

1292 

648 

1200 

710 

1310 

653 

1210 

720 

1328 

659 

1220 

730 

1346 

664 

1230 

740 

1364 

670 

1240 

750> 

1382 

675 

1250 

760 

1400 

681 

1260 

770 

1418 

686 

1270 

780 

1436 

692 

1280 

790 

1454 

697 

1290 

800 

1472 

704 

1300 

810 

1490 

708 

1310 

820 

1508 

715 

1320 

830 

1526 

719 

1330 

840 

1544 

726 

1340 

850 

1562 

734 

1350 

860 

1580 

737 

1360 

870 

1598 

741 

1370 

880 

1616 

748 

1380 

890 

1634 

752 

1390 

900 

1652 

760 

1400 

910 

1670 

765 

1410 

920 

1688 

771 

1420 

930 

1706 

776 

1430 

940 

1724 

782 

1440 

950 

1742 

787 

1450 

960 

1760 

793 

1460 

970 

1778 

798 

1470 

980 

1796 

804 

1480 

990 

1814 

809 

1490 

1000 

1832 

815 

1500 


F 


1832 

1850 

1868 

1886 

1904 

1922 

;1940 

1958 

1976 

1994 

2012 

2030 

2048 

2066 

2084 

2102 

21,20 

2138 

2156 

2174 

2102 

2210 

2246 

2264 

2282 

2300 

2318 

2336 

2354 

2372 

2390 

2408 

2426 

2444 

2462 

2480 

2498 

2516 

2534 

2552 

2570 

2588 

2()()6 

2624 

2642 

2660 

2678 

2696 

2714 

2732 
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Temperature CDNVERsiotN- Tables (Continued) 


c 


F 

C 


F 

0 


F 

815 

1500 

2732 

1093 

2000 

3632 

1371 

2500 

4532 

820 

1510 

2750 

1098 

2010 

3650 

1376 

2510 

4550 

827 

1520 

2768 

1104 

2020 

3668 

1382 

2520 

4568 

831 

1530 

2786 

1109 

2030 

3686 

1387 

2530 

4586 

838 

1540 

2804 

1115 

2040 

3704 

1393 

2540 

4604 

842 

1550 

2822 

1120 

2050 

3722 

1398 

2550 

4622 

849 

1560 

2840 

1126 

2060 

3740 

1404 

2560 

4640 

853 

1570 

2858 

1131 

2070 

3758 

1409 

2570 

4658 

860 

1580 

2876 

1137 

2080 

3776 

1415 

2580 

4676 

864 

1590 

2894 

1142 

2090 

3794 

1420 

2590 

4694 

871 

1600 

2912 

1149 

2100 

3812 

1427 

2600 

4712 

876 

1610 

2930 

1154 

2110 

3830 

1432 

2610 

4730 

882 

1620 

2948 

1160 

2120 

3848 

1438 

2620 

4748 

887 

1630 

2966 

1165 

2130 

3866 

1443 

2630 

4766 

893 

1640 

2984 

1171 

2140 

3884 

1449 

2640 

4784 

898 

1650 

3002 

1176 

2150 

3902 

1454 

2650 

4802 

904 

1660 

3020 

1182 

2160 

3920 

1460 

2660 

4820 

909 

1670 

3038 

1187 

2170 

3938 

1465 

2670 

4838 

915 

1680 

3056 

1193 

2180 

3956 

1471 

2680 

4856 

920 

1690 

3074 

1198 

2190 

3974 

1476 

2690 

4874 

926 

1700 

3092 

1204 

2200 

3992 

1483 

2700 

4892 

931 

1710 

3110 

1209 

2210 

4010 

1488 

2710 

4910 

937 

1720 

3128 

1215 

2220 

4028 

1494 

2720 

4928 

942 

1730 

3146 

1220 

2230 

4046 

1 1499 

2730 

4946 

948 

1740 

3164 

1226 

2240 

4064 

1505 

2740 

4964 

953 

1750 

3182 

1231 

2250 

4082 

1510 

2750 

4982 

959 

1760 

3200 

1237 

2260 

4100 

1516 

2760 

5000 

964 

1770 

3218 

1242 

2270 

4118 

1521 

2770 

5018 

970 

1780 

3236 

1248 

2280 

4136 

1527 

2780 

5036 

975 

1790 

3254 

1253. 

2290 

4154 

1532 

2790 

5054 

981 

1800 

3272 1 

1259 

2300 

4172 

1538 

2800 

5072 

986 

1810 

3290 

1264 

2310 

4190 

1543 

2810 

5090 

992 

.1820 

3308 i 

1270 

2320 

4208 

]549 

2820 

5108 

997 

1830 

3326 

1275 

2330 

4226 

1554 

2830 

5126 

1003 

1840 

3344 

1281 

2340 

4244 

1560 

2840 

5144 

1008 

1850 

3362 

1286 

2350 

4262 

1565 

2850 

5162 

1014 

1860 

3380 

1292 

2360 

4280 

1571 

2860 

5180 

1019 

1870 

3398 

1297 

2370 

4298 

1576 

2870 

5198 

1025 

1880 

3416 

1303 

2380 

4316 

1582 

2880 

5216 

1030 

1890 

3434 

1308 

2390 

4334 

1587 

2890 

5234 

1036 

1900 

3452 

1315 

2400 

4352 

1593 

2900 

5252 

1041 

1910 

3470 

1320 

2410 

4370 

1598 

2910 

5270 

1047 

1920 

3488 

1326 

2420 

4388 

1604 

2920 

5288 

1052 

1930 

3506 

1331 

2430 

4406 

1609 

.2930 

5306 

1058 

1940 

3524 

1337 

2440 

4424 

1615 

2940 

5324 

1063 

1950 

3542 

1342 

2450 

4442 

1620 

2950 

5342 

1069 

1960 

3560 

1348 

2460 

4460 

1626 

2960 

5360 

1074 

1970 

3578 

1353 

2470 

4478 

1631 

2970 

5378 

1080 

1980 

3596 

1359 

2480 

4496 

1637 

2980 

5396 

1085 

1990 

3614 

1364 

2490 

4514 

1642 

2990 

5414 

1093 

2000 

3632 

1371 

2500 

4532 

1649 

3000 

5432 
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TABLE 58 

Approximate Temperature by Color 



Fah r. 

Cent. 

First visible red 

900 

4S2 

Dull red 

1175 

635 

Bright red 

1550 

S43 

Orange 

1725 

941 

White 

2200 

.1204 

Dazzling white 

2732 

1500 


TABLE 59 

Comparative Heat Values or Coal, Oil and Gas ' 


Calorific Value 
of Coal 
B.T.U. per lb. 

Quantity of Coal 
Equal to 

1 bhl. of Oil 
PoWiKU' 

Quantity of Oil 
Equal to 1 Short 
Ton of Coal 
Barrels 

Quantity of Coal 
Equal to 1000 
cu. ft. of Gas 
Pounds 

Quantity of Ga.s 
Equal to 1 Short 
Ton of Coal 
Thousands of 
Feet 

10,000 

620 

3,23 

100 

20 

11,000 

564 

3.55 

91 

oo 

12,000 

517 

3.87 

83 

24 

13,000 

477 

4.19 

77 

2(5 

14,000 

443 

4.52 

71 

2S 

15,000 

413 

4.84 

67 

30 


* Bureau of Mines Bulletin. “Efficiency in the Use of Oil Fuel/’ by J. M. Wadsworth. 
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TABLE 60 


Fuel Consumption for Maintaining Furnace Temperature 


Fu rntwv 

Tc mper- 
iiturv 
Dcyrer.'t 

F. 

Minimum Quantity op Fuel per Million 

B.T.U./Hr. Heat Loss 

U«//o)i.s 
of Oil 

Prr Hr. 

Pounds 

Goal 

Per n r. 

Cu. Ft. 
Natural Gas 
Per E r. 

Gu. Ft. of 
Producer Gas 
Per Hr. 

K.W. 

Hours 

Per Hr. 

H.P. 

Hours 

Per H r. 

1200 1 
Yioo 1 

10.5 1 94 

1550 

12200 1 293 

392 

11.2 1 101 

1680 

13500 1 293 

392 

1 

12.0 1 107 

ISOO 

15400 1 293 

392 

“ isotr^ 1 

13.0 1 116 

1980 

17900 1 293 

392 

2000 1 

14.2 1 12 S 

2190 

21800 1 293 

392 

2200 1 

15.7 1 142 

2460 

27800 1 293 

392 

2400 1 ' 

17.6 1 159 

2840 

38500 1 293 

392 

2()00 1 

20.1 1 180 

3370 

62500 1 293 

392 


The above fif?iires are based on complete combustion, no excess air; combustion 
air not preheated. 


The tabh's are based on the following figures for higher calorific values of the 
fuels: 

Oil == 13r),000 B.T.IT./Gal. 

Coal == 14,400 B.T.XT./Pound 
Natural Gas == 900 B.T.U./Cu. Ft. 

Producer Gas == 137 B.T.U./Cu. Ft. 

1 K.W. Hr. = 3417 B.T.U. 

1 H.P. Hr. = 2547 B.T.U. 

* romniltHl from Trinks, “IncluHl.rial Furnaces.” 


TABLE ()1 

Calokipiu Value op Fuel Oils 


Kind of Oil 


Specific B.T.U. 

G ra.v ity Per P ound 


(klUfornia, Kern 

California, Coalinga.... 
( ki life riiia , Bakersfield 
( ’alifornia, Whittier... 

Penusylvania 

W(‘Ht Virginia 

Texas, Beaumont 

Texas, Sabine 

Kussiu, Baku 

Mexico 

Austria, Galicia 


0.9589 

18,840 

0.927 

17,117 

0.975 

17,600 

.0944 

18,507 

0.886 

19,210 

0.841 

21,240 

0.924 

19,060 

0.937 

18,662 

0.884 

20,691 

0.921 

18,840 

0.870 

18,416 


' Bureau of Mines Bulletin, “Efficiency in the Use of Oil Fuel,” by J. M. Wadsworth. 
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TABLE 62 
Equivalent Weights 


Oxide, etc. 

Aluminum fluoride 

Aluminum oxide.. 

Antimony oxide 

Barium oxide 

Boric oxide 

Calcium fluoride 

Calcium oxide 

Cobalt oxide 

Cobalto cobaltie oxide. 

Ferric oxide 

Ferrous oxide 

Fluorine 

Lead oxide 

Magnesium oxide 

Manganese dioxide 

Manganous oxide 

Potassium oxide 

Eed lead 

Silicon dioxide 

Sodium fluoride 

Sodium oxide 

Tin oxide 

Titanium oxide 

Zinc oxide 

Zirconium oxide 


Formula 

E<p(.uHilent 

Weight 

A IF:, 

.S4.() 

AbO:, 

lOl.i) 

SboOa 

29i.r) 

BaO 

153.4 

B,0:, 

69.6 

CaF, 

78.1 

CaO 

56.1 

CoO 

74.9 

CO:,0. 

240.8 

Fe.O:, 

159.7 

FeO 

71.8 

F, 

38.0 

PbO 

223.2 

MgO 

40.3 

MnO.. 

86.9 

MnO 

70.9 

K 2 O 

94.2 

Pb:,0.. 

685.7 

SiO. 

60.1 

NaF 

42.0 

Na,0 

62.0 

SUO 2 

150.7 

TiOt‘ 

79,9 

ZuO 

81.4 

ZrO, 

123.2 


The molecular weights (formula weights) of materials are given in Table 1. 
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Abrasion, oibH-BGo 
Abrasive liandliiig, 11(5-120 
Abrasives for blasting, 114, 115 
Acid 

attat'k on enamels, 3(59 

de'enanieliiig method, 121-124 

dish test, 370 

grain test, 3(59 

piekle sohitions, 85-S9, 92 

retlnx test, 370 

s]>ot test, 3(59 

tests, 3(5‘)-37() 

Aeidie materials, .129, 130, 131 
Aeiditv of slips, 257, 258 
Aeid oxides general formula (RO 2 ), 142 
A(dd resistanee, 1S2-1S5, 200, 369, 370 
Arid resista,nee, as affeetod bj' 

<day, 1S5 

i*omi)osition, 182-1S5, 196, 200 
tiring time and temperature, 184 
milling, 184 
smelting 184, 214 
Aeid-resisting enamels 

east iro!i, dry process, 190, 200 
sheet iron, 182-185 
Adherence 

sheet iron enamels 16(5-168, 296 
tests, metal deformation, 351-354 
tests, no deformation, 355-356 
valu(‘s, 35(5 

Adsorption in slips, 255 
Aging 

defects, 259 
effect on mobility, 263 
efTi‘ct on soluble salts, 259 
effect on yield value, 270 
of slips, 245-24(5 

Agitation of eleaner solutions, 94 
Air cap, for spray gun, 275 
Air curtain, for continuous furnace, 319 
Air flow data, 113 
Air for spraying, 278, 279 
Air screen (air seal) for eontinuous fur- 
nace, 320 

Air scale for continuous furnace, 320 
Albite, properties, 12, 14 
Alginate, ammonium, 249, 257 
Alkali solution, de-enameling, 123 
Alkali tests, 370 
Alkalinity of 
cleaner solutions, 78 
slips, 257-258 
Alloy hardness test, 357 
Alloys, furnace, 322 
Alumina 

amounts used, 14 


factor and formula, 130 
impurities, 14 
properties, 12 

Alumina — calcium fluoride system, 27 
Alumina — calcium fluoride — sodium 
aluminum fluoride system, 36 
Alumina — cryolite, system, 32 
Alumina — silica, system, 29 
Aluminum fluoride 
equivalent weight, 392 
in sheet iron ground coats, 175 
Aluminum fluoride — sodium fluoride, 
system, 28 

Aluminum fluoride — sodium fluoride — 
calcium fluoride, system, 36 
Aluminum hydrate (hydroxide) 
amounts used, 14 
factor and formula, 130 
impurities, 14 
properties, 12 
Aluminum in cast iron, 64 
Aluminuiri oxide (see alumina) 
equivalent weight, 392 
in colors, 252 

Alundum (fused alumina) refractories, 
307, 308, 309, 317 
Amcrienn Ceramic Society, tests 
deflection, 3(55-368 
flneness, 239-240 
fusion, 32S-329 
Ammonium alginate, 249, 257 
Ammonium carbonate, 12-15 
Analysis, chemical, 372 
Annealing 

glass and enamels, 335, 337 
metal, 76 

reboiling effect, 298 
Anode pickling, 89 
Antimonate of soda 
amounts used, 14 
factor and formula, 130 
impurities, 14 

in cast iron enamels, 196, 199 
in sheet iron covers, 185 
in wet process east iron enamels, 190 
in white ground coats, 177 
properties, 12 
Antimony compounds 

acid resisting enamels, 185 
dry process cast iron enamels, 196, 
199 

properties, 12-14 
sheet iron ground coats, 177 
sheet iron cover enamels, 178 
wet process cast iron enamels, 190 
Antimony in enamels, 368-369 
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Antimony oxide 
amounts used, 14 
equivalent weight, 392 
factor and formula, 130 
in colors, 252 
impurities, 14 
properties, 12 
refractive index, 48 
Antimony oxide in enamels 
dry process, covers, 196, 199 
sheet iron, covers, 180-181 
wet process cast iron enamels, 190 
white ground coats, 177 
Antimony peiitoxide, 50, 181, 195, 368 
Antimony tri oxide, 368 
index of refraction, 48 
Application of enamels, 255-293 
black edging, 286 
dipping, 271 

dry process cast iron covers, 273 
dry process cast iron grounds, 272 
flow sheets, 272, 273 
methods, 271-293 
sheet iron covers, 281-282 
sheet iron ground coats, 281 
slushing, 271, 281 
spraying, 273-280 
wet process cast iron, 282 
Arsenic oxide 
amounts used, 14 
factor and formula, 130 
impurities, 14 
jewelry enamels, 202, 203 
properties, 12 
refractive index, 48 
sheet iron ground coats, 177 
Art of enameling, 2 
Atmospheres 
control, 222 
tiring, 300-302 
smelting, 210-213 
Atomic weights, 383 
Atomizing pressure vs. liquid pressure, 
278-279 

Austenite, 58, 59 
Autoclave test, 370-371 


Ball mills, 233-235 
capacities, 234 
charging, 237, 23S 
cleaning, 237, 238 
discharging, 243 
linings, 233, 235 
power, 234 
sizes, 234 

speeds, 228-230, 234 
Balls for mills, 235 
Barium carbonate 
amounts used, 14 
factor and formula, 130 
impurities, 14 


ill dry iirocoss cast iron covers, 196, 
108 

ill jewelry and copper enamels, 202 
in sheet iron cover enamels, 180, 182 
in wot process cast iron enamels, 190 
microscopic identiiication, 347 
properties, 12 
Barium fluoride 
amounts used, 14 
factor and formula, 130 
impurities, 14 
properties, 12 
Barium hydroxide 
amounts used, 14 
factor and formula, 139 
imxiurities, 14 
properties, 12 
Barium oxide 

effect on ela,Hticity, 359 
equivalent weight, 392 
Bases, BO BsO, 142 
Basie materials, 129, 130, 131 
Batch, 125 

Batch composition, 125 

calculation, 135-141, 145-150 
exam])le, 126 
Batch making, 236 
Beading, 74 
Beading enamels, 187 
Bead test for fusion, 331 
Beekc method, inde.x of n'fraction, 345 
Bending test, 351 
Bentonite, 249 
Black edge spraying, 28.1 
Black edging enamels, 186, ,187 
Black sheet iron enamels, 185, 18<) 
Blanking, 72 
Blasting (sand or steel) 
abrasives, 114, 115 
air costs, 113 
east iron, 109-121 
equix>ment, 11(M2 1 
inixi,ng abraHiv(\s, 1 1,6 
l}reliminary, 71 
sand, 114 

sheet steel, 108, 115 
steel grit, 115 
steel shot, 114 
tests, 111, 112, 114 
theory, 109 
ventilation, 120 
Blistering 

cast irons, 64-66 
causes, 65, 372 
furnace atmosi)hcreH, 301 
Blue-green, stains or oxides, 252 
Blue sheet iron enamels, 185, 186 
Blue sign enamels, 186 
Blue, stains or oxide, 252 
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Bone ash 

a, mounts used, ll 

dry process cast iron cover enamels, 
196, 199 
impurities, 14 
properties, 12 
Borax 

amounts used, 14 
dehydrated, 16 

dry i)rocess cast iron covers, 19r), 196 
dry process cast iron grounds, 192, 
193 

electrolyte, 175, 260 
factor a.nd formula, 130, 16 
imi)uritios, 14 

jewelry and copper enamels, 202, 203 
I)roperties, 12, 16 
sheet iron cover enamels, 179-180 
sheet iron ground coats, 169-172 
wet process cast iron enamels, 190 
Boric acid 

a, mounts used in enamels, 14 
wet process cast iron enamels, 190 
Boric oxide — calcium oxide, system, 34 
dry process cast iron covers, 196, 198 
factor and formula, 130 
impurities, 14 

jewelry and copper enamels, 202, 203 
properties, 12 

Boric oxide, equivalent weight, 392 
Box type furnaces, 302, 305-313 
Box type smelters, 217-222 
Brightness, 53 
Brown, stains or oxides, 252 
Brushing, 285-287 
equipment, 286, 287 
process, 285, 286 
B. T. U. 

of fuel oils, 390, 391 
of coal, 390, 391 
of gas, 390, 391 
Buffer solutions 

chemistry of, 79, 80 
cleaning, 79 
diagram of action, SO 
in slips, 255 

Burning (see firing), 294 
Burning equipment, 322 
Button, fusion test, 330 
Byzantine period, 2 

Cadmium oxide in colors, 252 
Cadmium sulphide in colors, 252 
Calcination of colors, 252 
Calcines (stains), 252 
Calcium carbonate (see whiting) 
amounts used in enamels, 14 
factor and foi'mula, 130 
impurities, 14 
in colors, 252 

microscopic identification, 347 
properties, 12 


Calcium chloride in colors, 252 
Calcium fluoride (see fluorspar) 
amounts used, 14 
equivalent weight, 392 
factor, and formula, 130 
impurities, 14 
index of refraction, 48 
properties, 12 

Calcium fluoride — alumina, system, 27 
Calcium fluoride — alumina — sodium 
aluminum fluoride, system, 36 
Calcium fluoride — aluminum fluoride — 
sodium fluoride system, 36 
Calcium fluoride — sodium aluminum 
fluoride, system, 28 
Calcium hydrate (see calcium hydrox- 
ide) 

Calcium hydroxide (hydrate) 
amounts used in enamels, 14 
factor and formula, 130 
impurities, 14 
properties, 12 
Calcium oxide 

eft’ect on elasticity, 359 
equivalent weight, 392 
Calcium oxide — boric oxide system, 34 
Calcium oxide — sodium oxide — silica, 
system, 34 
Calcium phosphate 
amounts used, 14 
factor and formula, 130 
impurities, 14 
properties, 12 

Calcium silicate — iron silicate, system, 
33 

Calcium silicate — potassium silicate — 
silica, system, 35 
Calculation curves 

melted composition to equivalents, 161 
raw batch to equivalents, 159 
raw batch to melted composition, 160 
Calculation, enamel costs, 135 
Calculation factors, 130, 131 
dehydrated borax, 16 
Calculation, formula weight, 144 
Calculation, fusibility, 325-327 
Calculation, interferometer data, 336 
Calculation methods, enamels 
Chemical methods, 142 

batch comp, from chem. comp., 145 
batch comp, from melted comp., 145 
chem. comp, from empirical 
formula, 144 

empirical formula from chem. 
comp., 143 

empirical formula from melted 
comp., 143 

melted comp, from batch comp., 150 
melted comp, from empirical 
formula, 144 
substitution, 155 
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Eaetor metliods, 127 

batch comp, to melted comp., 129 
chem. comp, to batch comp., 135 
enamel costs, 135 
melted comp, to batch comp., 135 
substitution, 141 
thermal expansion, 133 
Graphical methods, 156 
Calculation, mill additions, 125, 133, 
134, 136, 137, 138, 149, 154 
Calculation, raw materials 
antimony oxide, 150, 155 
borax, 140, 149, 152, 16 
clay, 136, 146, 154 
cobalt oxide, 146, 152 
cryolite, 139 

feldspar, 132, 133, 139, 143, 144, 14S, 
152, 156 

fluorspar, 139, 146, 152 
mill additions, 125, 133, 134, 136, 137, 
138, 149, 154 

opaeiflers, 134, 136, 137, 138 
quartz, 140, 149, 152 
sodium antimonate, 141 
sodium carbonate, 140, 149, 152 
sodium nitrate, 140, 149, 152 
Calculation, tabular forms 
Chemical methods 

batch comp, from chem. comp., 147 
batch comp, from melted comp., 

147 

melted comp, from batch comp., 

153 

Factor methods 

batch comp, from chem. comp., 137 
batch comp, from melted comp., 
137 

melted comp, from batch comp., 
134 

thermal expansion, 134 
Calculation, thermal expansion, 134 
Calorific value of fuel oils, 391 
Carbon dioxide evolution in smelting, 
210-214 
Carbon in iron 

amount in enameling irons, 58 
combined in cast iron, 62 
graphitic, in east iron, 62 
sheet iron, 71 
steel, 71 

total in cast iron, 62, 63, 65 
Carbon — iron diagram, 57 
Casting crack, 380 
Castings, cleaning, 70 
Cast iron, 56 

blistering type, 64, 65 
chemical composition, 62 
composition, ideal, 62, 65 
gas evolution, 65 
photomicrographs, 61 
structure, 61 

surface preparation, 109-121 


Cast iron enamels 

(see) dry process cast iron ouuniels 
(see) wet process cast iron enamels 
furnace atmospheres, 65 
Cast iron enamel slips 
flneness, 240 
speeiflc gravity, 240 
Cathode lu’oc.ess of pickling, 89 
Causes for defects 
blistering, 372 
easting cracks, 380 
copper-heading, 373 
crazing, 374, 380 
egg shell, 374 
lishscale, 374-376 
hairlining, 37(5 
jumping, 377 
peeling, 380 
I)in hole, 380 
pop-off, 381 
rusting, 377 
si)ecking, 378 
tearing, 378 
tool marks, 377 
warping, 371) 
wavy surface, 379 
Caustic soda, i)II value, 78 
Cementite, 58, 59 

Centigrade to Fahronlieit, 387-389 
Ceramic decals, 288, 289, 290 
Chain speeds, continuous furnaces, 3 
Champleve, 2, 201 
method of making, 2 
origin, 2 
(Imrging 

ball mills, 237-238 
smelters, 217, 223 
(’iiemical analysis, 372 
Cliomieal changes in melts, IS 
Chemical cleaning 
alkalinity range, 78 
buffer solutions, 79 
cleaner tanks, 93 
definition, 76 

liydrogen ion concentration, 77 
ionization of alk;ili, 77 
theory, 77 

Chemical composition 

calculation of, 329, 144, 150 
(leflmtion of, 126 

Chemical method of caculation, 142 
(sec calculation) 

Chemical properties, 368-372 
Chemistry of 
cast iron, 59 
sheet iron and steel, 71 
Chipping, 373 
Chromium in cast iron, 64 
Chromium oxide 

amounts used in enamels, 14 
colors, 252 

factor and formula, 130 



INDEX 


397 


.impurities, 14 
properties, 12 

Cireulur enameling furnace, 313-314 
Classification 

dry process east iron enamels, 103 
jewelry enamels, 163 
sheet iron (steel) enamels, 102 
wet process east iron enamels, 103 
Clay 

effect on acid resistance, 1S5 
effect on i;)roperties of slips, 206, 202, 
209, 270 

dry process east iron covers, 190, 199 
dry process east iron grounds, 192, 
194 

factors and formula, 130 
impurities, 12 
gray mottled ware, 188 
properties of, 11, 12, 248, 249 
sheet iron cover enamels, 179, ISO, 183 
sheet iron ground coats, 175 
wet process cast iron enamels, 191 
Clejuier control, 101-103 
Cleaner pills, 103 

Cleaning and pickling operations, 90-99 
Cleaning, ball mills, 237, 238 
Cleaning, chemical 

(see chemical cleaning) 

Cleaning, electrolytic, 84 
Clea,ning operations, 90-93 
Cloisonne, 2, 201 

method of making, 2 
origin, 2 

Coal, heat values, 390 
Cobaltous chromate in colors, 252 
Cobalt oxide 

junouuts used in ground coats, 14, 
170, 171 
impurities, 14 
in colors, 252 

in dry process cast iron grounds, 192 
in sheet iron ground coats, 166, 167, 
168 

equivalent weight, 392 
factors and formula, 130 
properties, 12 

Cobalt sulpliate as electrolyte, 260 
Coefficient of thermal expansion 
factors, 40 

method for calculation, 133, 135 
values for enamels, 39, 41, 42, 43, 44 
Colloids, 19-20 
in slips, 269 
Color, 52 

amounts used, 252 
analyzer recording, 343 
calcination of oxides, 252 
circle, 53 
classification, 53 
cylinder, 54 
curves, 343 
effect of milling. 253 


matching, 251 

mill additions, 251-253 

oxides, 252 

properties of materials, 12, 13 
mottled and gray enamels, 188 
scale of temperature, 390 
spectrophotometer, 342 
strength, 53 
tests, 341-344 
Colored enamels 

black edging, 186, 187 
dry x)rocGss cast iron covers, 196, 201 
sheet iron covers, 185, 186 
sign enamels, 186 
wet process cast iron covers, 191 
Colored frits, 185, 186, 252 
Combined carbon in cast iron, 62 
Common ion effect 
pickling, 85-86 
slips, 255 

Coini)ai‘ative heat values of fuels, 390 
Comparison, method for comparison, 125 
Cominirison of fusion tests, 333 
Components of system, 22 
Composition, mode of representing 
batch, 125 
chemical, 126 
empirical formula, 126 
melted composition, 125 
Compositions of enamels 
black edging enamels, 186 
dry process cast iron ground coats, 
192-194 

dry i^rocess cast iron covers, 194-201 
gray mottled enamels, 187, 188 
jewelry enamels, 201-204 
sheet iron colored enamels, 185-187 
sheet iron cover enamels, 178-185 
sheet iron ground coats, 168-177 
wet process cast iron enamels, 188- 
191 

Compositions of enamels (tables) 
dry process cast iron colors, 196 
dry process east iron covers, 196 
dry i)rocess cast iron grounds, 192 
sheet iron colors, 186 
sheet iron covers, 180 
sheet iron grounds, 170-171 
sheet iron mottled, 188 
sheet iron white grounds, 177 
wet process cast iron, 190 
Compounds used in cleaners, 81 
Compressed air for 

blasting, 112, 113, 114, 120 
spraying, 278, 279 

Compressive strength of enamels, 360, 
361 

calculation of, 40, 46 
Conductivity of heat, 40, 46, 339, 340 
Cone fusion test (A.C.S.)j 328-329 
Consistency of slips, 261-268 
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Consistonieter, 261-265 
curves, 262 
plant type, 263, 265 
tests on commercial enamel, 266 
Constitution of iron, 59 
Continuous furnace 
advantages, 313 
air curtain, 319-320 
chain speed, 323 
design, 315-324 
fuel consumption, 323 
production, 323 

Contraction and expansion, 334-33S 
Control of 

cleaner bath, 101 
ferrous sulphate content in pickle 
bath, 105-106 
neutralizer solution, 104 
nickel solution, 107-108 
pickle acid, 104-105 
properties of slips, 260-271 
spraying, 275-280 
Conversion of 

dehydrated borax from borax, 16 
temperatures, 387-389 
volume and weight, 386 
Conveyors, furnace, 320-322, 324 
Copper enamels, 201-204 
Copper-heading,373-374 
Copper oxide 

amounts used in enamels, 14 
factor and formula, 130 e 
impurities, 14 
properties, 12 
Cores for casting, 67 
Costs, of raw materials, 135 
Cover enamels 
classifications, 162, 163 
dry process, 194-201 
sheet iron, 177-188 
thermal expansion, 42-44 
Crazing, 374, 380 
Cristobalite, 19, 20 

Cross ■ sections, mieroseopie, 349, 350 
Cross sections, preparation, 349, 350 
Crushing strength, 360, 361 
calculation of, 46 
factors for, 40 
Cryolite 

amounts used, 14 
etfect on expansion, 42 
in dry process enamels, 196, 197 
in jewelry enamels, 202, 203 
in sheet iron enamels, 170, 171, 174, 
180, 181 

in wet process cast iron enamels, 190 
factors and formula, 130 
impurities, 14 

microscopic identification, 347 
opacifying character, 50 
properties, of, 12 


Cryolite — ahimina, systc'm, 32 
Cryolite — fluorspar, system, 2S 
Cubical exx^ansicm, 336 
Cupola, 67-70 
Curves for calculation 

melted comp, to ecpiivalents, Kil 
raw batch to equivaletits, 159 
raw batch to melted comp., 160 
Cutting stencils, 2S6-2S7 
Cylinder fusion t(‘s1, 330 

Danielson-Liiulemann t(^st, 365 :I6S 
D e c a 1 c o n 1 a n i a , 2 S S - 2 9 { ) 
aiiplicatioM, 289, 290 
making decals, 289 
Decals, (see <U‘calconiania) 
Decom])ositi<)n pro{>erties of row 
materials, 12, 13, 21 (> 

Deco ration, 285-293 
De-cnamcling, 121-124 
acid solution, 123 
alkali solution, 123 
blasting, 123 
molten caustic, 124 
X)atching, 122 

Defective si)ray x)attenis, 275-277 
Defects 

blistering, 372 
casting cracks, 380 
cox)per-heading, 373 
cra.zing, 374, 380 
egg shell, 374 
fislisca le, 3 7 4, - 3 7 6 
.inn: ping. 377 
pei-’.iiig. 3sO 
pin hole, 380 
pop off, 381 
rusting, 377 
si)ecking, 378 
tearing, 378 
tool marks, 377 
warx)ing, 379 
wavy surface, 379 
Defects, ('a used by 
firing, 301-302 
X^roparation of metal, 75 
sincdtiTig, 214 
spraying, 275-277 
Deflection test, 365-368 
D c fl 0 c c, u 1 a t i 0 n , 255 
Degree of freedom, 23 
Dehydrated borax, 1(5 
Dendrites, 1(57-168 
Density, 365 
calculation, 45 
factors, 40 

Design, 56, 66, 72, 73 
Dextrin, 257 
Diffraction, 46 

Dilatometric method for expansion, 337 
Dipping, 271 

dry process cast iron grounds, 282 
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equipment, 274 
sheet iron cover enamels, 282 
sheet iron ground coats, 281 
technique, 281 
Discharging ball mills, 243 
Dish test, acid, 370 
Dolomite 

amounts used, 14 
factors and formula, 130 
impurities, 14 
properties, 12 

Draining (after dipping), 274 
Draining, ball mills, 243, 245 
Drawing, 72 
Dredge, 280 

Dryers for enameled ware, 2S5 
Drying, 98, 283-285 

equipment, 215, 216, 285 
frit, 215, 216 
granite ware, 284 
ground coats, 283-2 85 
methods, 285 
theory, 284 
Dry process 

application, cover coat, 283 
application, how sheet, 273 
application, ground coat, 282 
equipment, 280 
enamels, 191-201 
furnace, 311, 312 

Dry process cast iron enamels, 191-201 
acid resisting, 196, 200-201 
classification of, 163 
colored, 201 
compositions, 192, 196 
cover enamels, 194-201 
equipment for application, 280 
firing, 295, 300 
furnaces, 311, 312 
glazes, 196, 201 
uses, 191 
Duster, 280 
Dusting equipment, 280 


Egg shell, 374 
Egyptian enamels, 1 
Elasticity 

calculation of, 45 
factors, 40, 360 
tests, 357, 359 
values, 359 

Electric box furnace, 311, 313 
Electric weld, 74 
Electrolytes, 10, 11, 257 
effect on slips, 262, 263, 270 
dry process ground coats, 194 
mill additions, 253, 254 
molten glasses, in, 20 
sheet iron ground coats, 175 
Electrolytic cleaning, 84-85 
Electrolytic pickling, 89 


Electron, 1 
Elliptical spray, 276 
Emissivity of enamels, 341 
Empirical formula, 126 
calculation of, 143 
copper enamels, 203 
example of, 126, 127 
feldspar, 143 
Emulsification, 77 
Enamel clays (see clay) 

Enamel compositions, general, 162, 163 
(see compositions of enamels) 
Enamel costs, (calculation for frit), 

135 

Enamel dryers, 285 (see dryers) 

Enamel properties, 325-372 
Enamel slips (see slips) 

Enamel tests, 325-372 
Enameling iron, composition, 71 
Enameling test for expansion, 337, 338 
Equilibrium, 23 
Equilibrium diagrams, 23-27 
Equipment (see the type desired) 
blasting, sand, 116-121 
cleaning, 93-94 
pickling, 95-97 
mill room, 232-235 
smelting, 216-221 
weighing, 232 
Equivalents, 143, 392 
Equivalent weights, 392 
Etching stencils, 287 
Eutectic, 24 

Eutectic method for developing enam- 
els, 37 

Expansion coefficient, 133 
Expansion tests, 334-338 
dilatometric method, 337 
enameling method, 337-338 
exteiiso meter method, 237 
interferometer method, 335-337 
values of sheet iron enamels, 39-44 
Extensometer test, 337 

Facing materials, 67 
Factor method for calculation, 127-142 
hatch comp, to melted comp., 129-133 
chem. comp, to batch comp., 135-141 
melted comp, to batch comp., 135-141 
substitution, 141, 142 
Factors for 

calculation of enamels, 130, 131 

crushing strength, 40, 46 

density, 40, 44 

elasticity, 45, 360 

feldspar, 133 

fusibility, 326 

hard^iess, 40, 45 

specific gravity, 40 

tensil strength, 40, 45 

thermal conductivity, 40, 46 

thermal expansion, 40, 43 
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Fahrenheit to Centigrade, 387-389 
Falling weight test, 352 
Feldspar 

amounts' used, 14 
analysis, 143 

chemical composition, 133 
emperical formula, 143 
factors and formula, 130 
impurities, 14 

in dry process cast iron covers, 195, 

196 

in dry process east iron grounds, 192 
in jewelry and copper enamels, 202 
in sheet iron covers, 179, ISO 
in sheet iron ground coats, 169-172 
in wet process cast iron enamels, 190 
microscopic examination, 346-347 
properties, 12 
Ferric oxide 

amounts used, 14 
equivalent weight, 392 
factors and formula, 130 
impurities, 14 
properties, 12 

Ferric oxide — sodium silicate — silica, 
system, 35 
Ferrite, 58, 59 

Ferrous oxide — silica, system, 29 
Ferrous sulphate control (pickle solu- 
tion), 105 
Fineness of slips 

defects due to, 240, 241 
in dry process cast iron grounds 
coats, 194 

in sheet iron cover enamels, 240 
in sheet iron ground coats, 240 
in wet process cast iron enamels, 240 
tests, 239, 240 
Firing (burning) 294-324 
atmospheres, 300-302 
effect on acid resistance, 184 
dry process cast iron enamels, 295, 
300 

flow sheets, 303,304,305 

microscopic observations, 296 

phenomena, 296 

rate of heating, 295 

requirements, 295 

sheet iron cover enamels, 299 

sheet iron ground coats, 295 

temperatures, 295 

test for fusion, 334 

times, 295 

water vapor, 301 

wet process east iron enamels, 295, 
299, 300 

Fishsca^e, 374-376 
Fizeau-Pulfrich interferometer, 335 
Flattening orifice, 275 
Flint (see quartz) 
factor and formula, 130 


pebbles, 235 
properties, 12 

Floating agents, 10, 11, 24S, 249 

Floating flue furnace, 311 

Flocculation, 255, 270 

Floor conveyor type furnace, 321, 322 

Floor enamel, 24()-247 

Flow of slips in hoses, 277-27S 

Flow sheets for 

applications, 272, 273 
firing, 303, 304. 305 
frit making, 206 
milling, 236, 237 
preparation, 91 

Fluidity of molten (*n:nm*ls, 325 334 
Fluid tip (nozzle) 274-275 
Fluorides, effect on 
acid resistance, 183 
fusibility, 328 
thermal expansion, 42-44 
Fluorine equivalent weight, 392 
Fluorspar 

amounts used in enanuds, 14 
effect on thermal expansion, 42-44 
factors and formula, 130 
impurities, 14 
in colors, 252 

in dry process cast iron enanuds, 196, 
197 

in sheet iron cover enamels, ISO 
in sheet iron ground <'.oats, 170, 171, 
174 

ill wet process cast iron enamels, 1,90 
microscopic examination, 347 
nature as opacitior, 50-51 
properties, 12 

Fluorspar — cryolite, system, 28 
Fluxes ill the enamel, 10, 11 
Formula, empirical, 126, 127 
Formulae, 130, 131, 143 

of raw materials, 12-15, 130, 131, 143 
of oxides and fluorides, 392 
Formula (equivalent) weight 
calculation of, 144 
values for oxides and lluoridi's, 392 
Foundry practice, ()(>-71 
Frit making, 205-226 
drying, 215 
flow sheet, 206 
operations, 221-226 
quenching, 214-215 
receiving, 205-206 
smelting, 208-214 
storfige, 205-201) 
ventilation, 22(5 
weighing, 207 
Frit solubilities, 257-260 
Fuel consumption 

continuous furnaces, 323 
maintaining temperature, 391 
muffle furnace, 309 
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Puds for continuous furnaces, 317 

Pud, heat values, 390 

Pud oil, calorific values, 391 

Pud, smelting, 219-220 

Punction of raw materials, 12, 13 

Purnaee 

air curtain, 319 
alloys, 322 

atmospheres, 300-302 
box type, 302-318 
eontinuous, 313-324 
design (continuous), 314-324 
diagrams (continuous), 314-324 
electric, 311, 313 
incline type, 315-316 
intermittent type, 306, 307 
muffle type, 307-312 
semi-muffle type, 305, 307 
sanitary ware, 311, 312 
temperature, 295 
U type, 315-318 

Pused alumina refractories, 307, 308, 
309, 317 
Pusibility 

ealciilatioii, 325-327 
enamels, 325-334 
factors, 326 
fluxes, 326 

sheet iron cover enamels, 328 
sheet iron ground coats, 327 
Fusion properties of raw materials, 12, 
13, 216 
' Fusion tests 

A.C.S. standard cone, 329 • 
bead test, 331 
block test, 331 
comparison of tests, 333 
heat absorption, 332 
diy:erferometer, 331 
Irial firing, 334 

Gardner mobilometer, 265-268 
Gas evolution in firing, 296 
Gas, heat values, 390 
Gassing, 301-302 
Gas weld, 74 

Gauges of metal stock, 72, 73 
Gelatin screen process, 288 
Glazes, 186, 196, 201 
Gloss, 350, 376 
Graihing, 291-292 
Grain test, acid-resistance, 369 
Granite ware, 187 
drying of, 284 

Graphic carbon in cast iron, 62 
Gravity feed, blasting, 119 
Gravity method of abrasive mixing 
Gravity spray method, 277 
Gray mottled enamels, 187 
Gray, stains or oxides, 252 
Grinding (see milling) 

Grit blasting (see blasting) 


Ground coats 
cobalt, 166-175 

dry process cast iron, 192, 193 
sheet iron, 165-178 
wet process cast iron, 189 
whit© ground for sheet iron, 175-178 
Gum arabic, 11, 257 

Hairlining, 376 
Hardness 

alloy test, 357 
calculation, 45 
factors, 40 

Mohs^ scale of, 357, 358 
scales, 358 

Hearth type smelter, 217-222 
capacities, 218 

Heat absorption, fusion test, 332 
Heat conductivity, 40, 339, 340 
Heating cleaning tanks, 94 
Heat reclaimer on enameling furnace, 
310 
High-lead 

dry process cast iron cover enamels, 
196, 200 

specific gravity of slips, 240 
wet process cast iron enamels, 189, 
190 

History of enamels, 1 
art, 2 
China, 4 

dusting process, 5 
early, 1 
India, 4 
industry, 4 

introduction in England, 3 
iron, 5 
miniatures, 4 
origin, 1 
painted on, 4 
raw materials, 6 
United States, 7 
Hot water test, 370 
Hue, 53 

Hydrochloric acid pickling, 87-89, 97 
Hydrogen absorption in pickling, 89 
Hydrogen ion concentration 
in cleaners, 77-81 
in pickle solution, 85-89 
in slips, 255 

of cleaner compounds, 78 
Hyper-eutectoid steels, 58 
Hypo-eutectoid steels, 58 


Identification of raw materials, 346-348 
, 117 Immiscible liquids in melts, 20, 21 
Impact tests, 351-254 
Impurities in raw materials, 14, 15 
Incline furnace, 316 
Incongruent melting, 26 
Index of refraction, 344, 345 



402 


INDEX 


Indices of refraction of opaciii§rs, 48 
Induction, blasting feed, 118 
Induction method of blasting, 116, 117 
Induction sand blast gun, 118 
Industrial development, 5-7 
Ingot iron photomicrograph, 00 
Inhibitors 

pickle solutions, 88-89 
rusting, 260 

Inorganic compounds used in cleaners, 
81 

Interferometer, 335 
Interferometer fusion test, 331 
Interferometer test for expansiion and 
contraction, 335-337 
Intermediate oxides, 129, 130, 131 
Intermediates, EaOa, 142 
Intermittent type furnace, 306, 307 
International atomic weights, 383 
Inversions, 19 
Ionization in 

cleaner solutions, 77 
pickling solutions, 86-88 
slips, 255 

Iridescence from the furnace atmos- 
phere, 301 

Iron-carbon diagram, 57 
Iron-carbon eutectic, 58 
Iron, composition for enameling 62, 65, 
71 

Iron, constituents, 59 
Iron, modifications, 57, 58, 59 
Iron oxide 

amounts used, 14 
factor and formula, 130 
impurities, 14 
in colors, 252 
properties, 12 

Iron oxide — silica, system, 29 
Iron phosphide in east iron, 62 
Iron pills, 107 

Iron silicate — calcium silicate, system, 

33 

Iron silicide in cast iron, 62 
Iron sulphide pickle, 99 

Jewelry enamels, 201-204 
classification of, 163 
compositions, 202 
Jumping, 377 

Kaolinite 

factors and formula, 130 
properties, 12, 14 

Lead arsenate, index of refraction, 48 
Lead compounds in cover enamels for 
sheet iron, 178 

Lead-bearing cast iron enamels, 189, 
190, 196, 200 

specific gravity of slip, 240 


Lead in enamels, 3(>S 
Leadless 

dry process cast iron cover enanuds, 
196, 200 

wet process cast iron enamels, 189, 
190 

Leadless antimouale dry proec'ss cast 
iron, cover enamels, 19(>, 200 
Leadlcss antimony oxide dry ]>rocess 
cast iron cover (‘naimds, 19(5 
Lead oxide 

amounts used, 14 
acid resisting enamels, 1S3 
equivalent \veiglit, ,'bJ2 
factor and formiiia, ,130 
imj)uritios, 14 
in colors, 252 
X}roperties, 12 

Lead oxide — siliea, system, 31. 

Light 

color spectrum, 52 
theory in colors, 52 
Light colored gronnd coats, 17S 
Lindermanii-Danielsoii test, 3()5-3()8 
Linear expansion deterinination, 335* 
337 

Linings for ball mills, 233-235 
Liquidiis curve, 24 
Litharge 

amounts used, 14 
factors and formula, 130 
impurities, 14 

microscopic examination, 34S 
X)ropertioH, 12 
Lithia — silica, system, 30 
Loss in smelting, 130-131 
Low-lead 

dry x^i’<>oess cast iron cover enamels, 
196, 200 

wet in'ocess cast iron ('n.'imels, 189, 
1<)0 

Low-lead antimonato dry process cast 
iron cover enamels, 19(5, 200 

Magnesia 

amounts used, 14 
factor and formula, 131 
impurities, 14 
properties, 12 
Magncwsium carixumte 
amounts used, 14 
as electrolyte, 175 
factor and formuhi, 131 
impurities, 14 
in dry process enamels, 192 
in sheet iron enamels, 180, 182 
properties, 12 

Magnesium hydroxide (hydrate) 
amounts used, 14 
factor and formula, 131 
impurities, 14 
properties, 12 
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oxide 

effect on elasticity, 359 
equivalent weight, 292 
Magnesium sulphate, 2G0 
Magnetic separator, frit, 216 
Manganese carbide, 62 
M^anganesc dioxide 
amounts used, 15 
equivalent weight, 392 
factor and formula, 131 
impurities, 15 
in colors, 252 

in dry process enamels, 192 
in sheet iron ground coats, 170, 171, 
175 

properties, 13 

Manganese in iron, 62, 63, 71 
Manganese sulphide in cast iron, 62 
Manganous oxide, equivalent weight, 
392 

Manson effect, 65, 300 
Marblizing, 291, 292 
Mafcrials, 10-16 (see raw materials) 
Maximum heat absorption test, 332-333 
Mechanical abrasive liandling, 119, 122 
Media ideal test methods, 351-368 
Medium-lead antimonate dry process 

cast iron cover enamels, 196, 200 
Medium-lead antimony oxide dry proc- 
ess cast iron cover enamels, 196 
Melted composition, 125 

calculation of, 129, 144, 150 
example, 127 
of raw imiterials, 12, 13 
Melted weight, 132 

Melted weights of raw materials, 12, 13 
Melting temperatures for laiw materials, 
13, 15, 16 
Metal gauges, 73 
Motallograpliic sections, 349-350 
Meta llo gr aphy , 346 

Motnl surface preparation flow sheet, 91 
Mesh of sieves, 384-385 
Methods of application, 271-293 
Methods of spraying, 277 
Microgriiphs of iron and cast iron, 60, 
61 

Microscopic, cross sections, 349, 350 
Microscopic examination of 
acid attack, 348, 349 
surface of enamel, 348 
Microscopic identification of 
barixim carbonate, 347 
- calcium carbonate, 347 
cryolite, 347 
feldspar, 346 
fluorspar, 347 
litharge, 348 
white lead, 348 
zinc oxide, 348 


Microscopic methods, 346-350 
index of refraction, 344-345 
Mild steel photomicrograph, 60 
Mill additions, 247-254 

dry process east iron ground coats, 
192 

sheet iron colored enamels, 185-186 
251-253 

sheet iron ground coats, 175 
sheet iron white cover enamels, ISO, 
sheet iron white ground coats, 177 
182, 1S5, 1S6 

wet process cast iron enamels, 191 
Milling, 227-245 

amount of balls, 230, 234 
charge, 230, 231 
condition of slip, 231, 232 
control, 239-245 
distribution of fines, 227 
dry process, 238, 240, 243 
dry process grounds, 194 
effect on acid resi stance, 1S4 
effect on color, 253 
speed of mill, 228-230, 234 
standard tests, 239-240 
theory, 228 
wet process, 240 
Milling operations, 235-239 
Mills, ball, 233-285 
balls, 235 
capacities, 234 
charge, 230-232 
charging, 237, 238 
cleaning, 237, 23S 
horse power, 234 
kinds, 232 
lining, 233-235 
speeds, 228-230, 234 
Miniature style, 4 
Mixing the batch, 208 

Mobility (fluidity) of molten enamels, 
325-334 

Mobility of slips, 261-268 
control of, 270 
Mobilometer, 265-26S 
curves, 269 
specifications, 268 
use of, 265-268 

Mohs^ hardness test, 357, 358 
Mohr^s salt, 106 
Molds for easting, 67 

Molecular weights of raw materials, 12, 
13, 16 

Molten caustic method of de-enameling, 
124 

Mottled enamels, 187 
drying, 284 
Mottling 

developing of, 187 
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Muffle furnace, 307-312 
fuel consumption, 309 
sizes, 309 
Muriatic acid 

(see hydrochloric) 

Neutralizer 
bath, 97 
chemistry, 97 
control, 103-104 
pills, 104 
temperature, 97 
Nickel dip, 98-99, 176 
control, 107-108 
pH value, 99 
solutions, 99 
temperature, 98 
Nickel dash (see nickel dip) 

Nickel, in cast iron, 64 
Nickel oxide 

amounts used, 15 
colors, 252 

factors and formulae, 131 
impurities, 15 

in ground coats, 170, 171, 175 
properties, 13 

Nitrate of soda (see soda nitre) 

Nitre (see soda nitre) 

Nozzles 

blasting, 109, 110 
spraying, 275 

Oil, heat values, 390 
Opaeiders 
materials, , 12-15 
mill additions, 250 
properties, 12-15, 48 
relation to colloids, 21 
theory, 46-49 
types, 47 
Opacity 
curves, 342 
tests, 341-344 
theory, 46-49 
types, 47 
Op ax 

wet process cast iron enamels, 190 
Operation (see under the kind desired) 
firing, 294-324 
milling, 235 

preparation of metal surface, 90 
smelting, 221-222, 223-226 
spraying, 281-283 

Optical properties of enamels, 341-351 
Overhead conveyor fo/ furnace, 320- 
322 

Organic compounds used in cleaners, 81 
Origin of enameling, 1 
Orthoelase, properties, 12, 14 

Patching enamels, 122 

Pearl ash (see potassium carbonate) 


Pearlito 

in cast iron, 62 
I)roportie.s, 59 
Pebbles, Hint, 235 
I’eeling (lift) 380 
Pendulum test, 352 354 
Peptization, 255 

Periodic properties of elements, 21 
Phase rule, 23 
Phases, 22 
Phosphorus 

in east iron, 62, 63, 65 
in enameling slieet iron, 71 
Photographic decoration, 293 
PhotomicrograxfiiH of irons, 60, 61 
Physical methods, 35,1-368 
Physical pro})OrtieH of glass(‘H, 38-42, 
356, 360, 361 
calcuhition of, 38-46 
factors, 40 

valiies, 39-44, 356, 360, 361 
pH value of compounds in solution, 78 
Pickle acid control, 104-107 
Pickle pills, 105 
l^ickling 

acids, 85-88, 89 
anode method, 89 
cathode method, 89 
conditions, 92 
definitions, 76 
electrolytic, 89 
heating solution, 95 
ionization, 85-89 
strength of solution, 96 
tanks, 95 
theory, 86 
Pin hole, 380 

Plant consistometer, 263, 265 
Plate test, a,dherencc, 355 
Plugging, cast iron, ))I()w holes, 282 
Pneumatic Jihrasive handling, 1 19 
Polarized light, 350 

Polishing metallographic sections, 349, 
350 

Polytone, 292 
Pop-off, 381 
Ihu'celain, balls, 235 
Porcelain enamels v 
Porcelain, mill linings, 233 
Potassium carbonate 

amounts used in enamels, 15 
factor and formula, 131 
impurities, 15 
properties, 13 

Potassium dichromate in colors, 252 
Potassium nitrate 

amounts uscmI in enamels, 15 
factor and formula, 131 
impurities, 15 
in colors, 252 

in jewelry and copper enameds, 202 
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properties, 13 

Potassium oxide equivalent weight, 392 
l^otassium silicate — calcium silicate — 
silica, system, 35 

Potassium silicate — silica, system, 31 
Potassium silicate — sodium silicate — 
silica,, system, 37 
l\)uring castings, 67, 70 
Ih’eparation of cross sections, 319, 350 
Ih-epa ration of the metal surfaces, 75- 
124 

Pressure, spray method, 277 
Ih'essure — temperature autoclave table, 
371 

Production, continuous furnaces, 323 
Primary colors, 53 
I*riuting, 290-291 
-Properties of enamels, 325-372 
Properties of slips (actual values) 266, 
240 

Punching, 72 
Pyrolusite 
amounts used, 15 
factor and formula, 131 
impurities, 15 
properties, 13 

Quartz: 

aanounts used, 15 
factor and formula, 131 
impurities, 15 

in dry process cast iron covers, 195, 
196 

in dry process cast iron grounds, 192, 
193 

in jewelry and copper enamels, 202 
in sheet iron ground coats, 169-173 
in sheet iron white covers, 179-181 
in wet process cast iron enamels, 202 
phase relations, 19, 20 
pro])ertics, 13 
Quenching, frit, 214-215 
Quench test, 339 

Radiation of enamels, 341 
Rate of set, test, 269 
Raftling, 70 
K;iw materials 

(dassitication, 10, 11 
color, 12, 13, 252 
common amounts used, 14, 15 
common impurities, 14, 15 
common limitations, 14, 15 
decomposition temperatures,^ 12, 13 
decomposition products, 12, 13 
formulae, 14, 16, 130, 131 
function, 12, 13 
handling, 205-208 
melted products, 12, 13 
melted weights, 12, 13 
molting temperature, 12, 13 
microscopic examination, 346 


molecular weights, 12, 13 
solubility in water, 12, 13 
sources, 10 

specific gravities, 12, 13 
table of, 12, 13, 14, 15 
Reboiling, 297-299, 377 
Receiving, raw materials, 205, 206 
Reclaiming enamels, 246-247 
Recording color analyzer, 343 
Recovery of spray waste, 280 
Red lead 

amounts used in enamels, 15 
equivalent weight, 392 
factor and formula, 131 
impurities, 15 

in dry process east iron covers, 196, 
197-198 

in dry process cast iron ground coats, 
192, 194 

in jewelry and copper enamels, 202 
in wet process cast iron enamels, 190 
properties, 13 
Red, stains or oxides, 252 
Reflection, 46 
Reflection curves, 343 
Refleetometer, 343, 344 
Reflux test, acid, 370 
Refraction, 46, 344-345 
Refractometer method for index of re- 
fraction, 345 
Refractories 

alumina, 307, 308, 309, 317 
furnace, 307, 309, 310, 311, 312, 317 
muffle, 308-318 

silicon carbide, 307, 309, 310, 311, 
312, 317 

smelters, 219, 225-226 
Refractory index, 326-327 
Refractory value of enamels, 326 
Repairing, 121, 122 
Resistance to weather, 371 
Resorption, 26 
Rinse after cleaning, 92, 95 
Rinse after ijickling, 93, 97 
Rotary dryers, frit, 215 
Rotary smelters, 222-225 
Rubber mill linings, 233, 235 
Rusting 
causes, 377 

I)revention and promotion, 260 
salts for controlling it, 260 
Rutile 

amounts used, 15 
factor and formula, 131 
impurities, 15 
in blue enamels, 186 
properties, 13 

Salt peter 

amounts used, 15 
factor and formula, 131 
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impurities, 15 
properties, 13 

Salts in solution in slips, 257-258 
Sand 

amounts used in enamels, 15 
factor and formula, 131 
for blasting, 114 
impurities, 15 
properties, 13 
Sand blasting 
abrasives, 114, 115 
air costs, 113 
east iron, 109-121 
equipment, 116-121 
mixing abrasives, 116 
preliminary, 71 
sand, 114 

sheet steel, 108, 115 
steel grit, 115 
steel shot, 115 
tests, 111-114 
theory, 109-111 
ventilation, 120 

Sanitary ware furnace, 311, 312 
Saponification, 77 
Seales of hardness, 358 
Scales for weighing, 207, 232 
Scaling, 76, 77 
operations, 90-91 
Screening slips, 245 
Screen process, 287-288 
Scumming, 372 
furnace atmosphere, 301, 302 
Secondary colors, 53 
Selenium (black) in colors, 252 
Semi-muffle type furnace, 305, 307 
Set (weight of set) control of, 270 
Set test, 268-269 
Shade, 53, 54, 55 
Sheet iron, 56 

Sheet iron and steel, chemistry, 71 
Sheet iron cover enamels^ 178 
application, 281, 282 
compositions, 179, 180 
firing, 299 

firing time and temperature, 295 
specific gravity, 240 
thermal expansion, 42-43 
Sheet iron ground coats, 165-178 
application, 281 
compositions, 168-177 
fifing, 295 

firing time and temperature, 295 
specific gravity, 240 
theory of adherence, 166-168 
white ground coats, 178 
Sheet iron enamels 
adherence, 166, 351 
application, 272 
blue sign, 186 
classification of, 162 


cobalt ground coals, K)5 ITS 
colored, 185, 1S() 

compositions, 170, 171, 177, ISO, ISO, 
188 

cover coats, white, 178 -185 
finenesvS, 240 
ground coats, 105-178 
specific gravity, 240 
Sheet iron preparation for enaineliitg, 
75-108 

Shovel sample, snn'lling tost, 221, 222 

Sieves, standard, 384- 385 

Sign enamels, 186 

Silex, mill linings, 233 

Silica 

amounts nsod in (‘uainols, 15 
factor and formula, 131 
impurities, 15 
in colors, 252 

proiu'rties. 13 

S.’iica- •alniniun, system, 20 
Silica — ferrous oxide, systiun, 20 
Silica — lead oxide, system, 31 
Silica — lithia, system, 30 
Silica, modifications, 19, 20 
Silica — potassium silicate, system, 31 
Silica — sodium silicate, system, 30 
Silica system, 20 
Silicate of soda 
formuh'i, 131 
properties, 13, 15 
Silica — zinc oxido, system, 28 
Silicon carbide refractories, 317 
muffle furnaces, 307, 309, 310, 31 1, 
312 

Silicon dioxide (see silica) 
equivalent weright, 392 
Silicon in iron, 62, (53 , 65 , 71 
Silk lawn method, 288 
Size of particles, effect on slips, 270 
Slips 

acidity and alkalinity, 257, 258 
effect of aging, 245, 24(5 
effect of clay, 25(5, 2(52, 26‘9, 270 
effect of wjitor, 2(52, 270 
flow in a hose, 278 
mobility, 2(51-2GS 
properties, 260-271 
soluble content, 257 
tests, 260-271 
Slushing, 271, 287 
dry process cast iron grounds, 282 
sheet iron cover enamels, 281-282 
sheet iron ground coats, 281 
Smelting, 208-214 
defects, 214 

effect on acid resistance, 184 
equipment, 216-22(5 
fuel, 219 
theory, 208-210 
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Soap, in cleaners 
theory, 81 

effect on (surface tension), 82 
Soda ash 

amounts used, 1;3 
electrolyte. 175, 260 
formula and factor, 131 . 
impurities, 15 

in dry process east iron covers, 196, 
197 

in dry process east iron grounds, 192- 
194 

in jewelry and copper enamels, 202, 
203 

in sheet iron cover coats, 179, 180 
in sheet iron ground coat, 170, 171, 174 
in wet process east iron enamels, 190 
amounts used, 15 
as electrolyte, 260 
X)roi)erties, 13 
Soda nitre 

factor and formula, 131 
impurities, 15 

in dry process cast iron covers, 195 
196 

in dry i)roccss east iron grounds, 192, 
193 

in jewelry and copper enamels, 202 
in sheet iron ground coats, 170, 171, 
174 

in sheet iron white covers, 179, 180 
in wet jn’ocess east iron enamels, 190 
properties, 13 
Sodium aluiniiiate, 250 
Sodium aluminum tiuoride — alumnia, 
system, 32 

Sodium aluminum fluoride — calcium 
fluoride — ahmiiiia, system, 36 
Sodium antimonate 

amounts used in enamels, 15 
factor and formula, 131 
impurities, 15 

in cast iron enamels, 196, 199 
in sheet iron enamels, ISO, 185 
in wet process east iron enamels, 190 
in -white ground coats, 177, 17S 
properties, 13 

Sodium carbonate (see soda ash) 
Sodium chloride 
as electrolyte, 260 
Sodium fluoride 

amounts used in enamels, 15 
as electrolyte, 260 
equivalent weight, 392 
factor and formula, 131 
impurities, 15 
index of refraction, 48 
in sheet iron ground coats, 175 
properties, 13 

Sodium fluorfde — aluminum fluoride, 
system, 28 


Sodium fluoride — aluminum fluoride — 
calcium fluoride, system, 36 
Sodium fluoride — sodium silicate, sys- 
tem, 33 

Sodium hydroxide 

pH value and ionization, 79 
Sodium meta antimonate 
(see sodium antimonate) 

Sodium nitrate 
(see soda nitre) 

Sodium nitrite as electrolyte, 260 
Sodium oxide — calcium oxide — silica, 
system, 34 

Sodium oxide, equivalent weight, 392 
Sodium persulphate as electrolyte, 260 
Sodium phosphate as electrolyte, 260 
Sodium silicate 

amounts used in enamels, 15 
effect on acid resistance, 184 
imp)urities, 15 

in sheet iron cover enamels, 184 
in sheet iron ground coats, 175 
l^roperties, 13 

Sodium silicate — calcium oxide — silica, 
system, 34 

Sodium silicate — ferric oxide — silica, 
system, 35 

Sodium silicate — potassium silicate — 
silica, system, 37 

Sodium silicate — silica, system, 30 
Sodium silicate — sodium fluoride, sys- 
tem, 33 

Sodium silicate — zirconia, system, 32 
Sodium silicofluoride 

amounts used, 15 
effect on thermal expansion, 42 
factor and formula, 131 
impurities, 15 

in acid resisting enamels, 184, 198 
ill dry j^rocess east iron enamels, 196, 
198, 199 

in sheet iron ground coats, 175 
opacifying character, 50, 51 
IDroperties, 13 

Sodium sulphate as electrolyte, 260 
Sodium sulphite as electrolyte, 260 
Sodium thiosulphate as electrolyte, 260 
Soil test, 371 
Solidus curve, 24 
Solubilities of frits, 257-260 
Solubility of raw materials, 12, 13 
Solution in melts, 19 
Spattering of spray gun, 276, 277 
Specific, gravity, 240, 241-243, 365 
adjustment in slips, 242-244 
determination in slips, 240, 241-243, 
244 

factors, 40 

method of calculation, 42, 45 
raw materials, 12, 13, 16 
values for slips, 240, 266 
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Specific lieats of glasses, 340, 341 
Specking, 378 
Spectrophotometer, 342 
Spinel 

factors and formula, 131 
properties, 13, 15 
Spinning, 74 

Spitting of spray gun, 277 

Split spray, 276 

Spray booth, 279-280 

Spray booth scrap reclaiming, 247, 2SO 

Spray gun head, 275 

Spraying, 273-280 

dry process cast iron grounds, 282 
equipment, 274-280 
pressures, 277 

sheet iron cover enamels, 281-282 
wet process east iron enamels, 282 
Spray methods, 277 
Spray patterns, 275, 276 
Spray, recovery of enamel, 247, 280 
Spot test, acid resistance, 369 
Spot weld, 74 
Stains, color, 251-252 
Standard scales for testing sieves, 
384-385 
Standard tests 
A.O.S. fineness, 239-240 
A.C.S. fusibility, 328-329 
A.C'.S. tentative for defieetion, 365- 
368 

Steadite in cast iron, 62 
Steel composition, 57, 71 
Steel grit, for blasting, 115 
Stencils, 286-287 
Stippling, 292 

Stock, gauge for different ware, 72 
Stock, gauges, 73 

Storage, of raw materials, 205-2()t) 
Strength of color, 53 
Strength, compressive, 360 
Strength, tonsil, 361-363 
Sublimation, 17 

Substitution, chemical mctliod, 155 
Substitution, factor method, 141 
Suction cup, spray method, 277 
Sulphuric acid 
ionization, 85-87 
pickling, 86-89, 95-97 
theory of pickling, 85-89 
Sulphur in cast iron, 62, 64 
Sulphur in iron, 62, 71 
Sulphur scum, 301-302 
Surface phenomena, 348-349 
Suspending agents, 256-257 
System, 22 

Taylor reflectometer, 343-344 
Tearing 
causes, 378 

sheet iron covers, AB, 183 
Temperature, color range, 390 


Temperature 

eouversion, 387 380 
cdfeet on slips, 262 
tiring of enamels, 205 
fuel rtupured 1(t maintain, iiOl 
fusion of raw matm-ials, 12. i;;, 21 
maximum heat absorption, 2 , 3 :.’ 
smelting, 226, 222, 225 
Tiuisil strength, 361 363 
faefors, 46 

met hod (»f eahmiat ion, 45 

nudluid for detenniinitiou, 3»*l 

Tertiary eol«>rs, 55 

T(‘stiug sieve, seales, 38-t 3^5 

TvhU 

al)r*asiou, 363 3<15 
aei<l retlnx, 376 
aei<l spot, 3r)l> 
a<Un‘n*nee, 351 354, 355 356 
alkali resivstanee, !176 
a\itoelavts 376 
bending, 35 1 352 
ecdor, 341-344 
eonsistonud er, 261 265 
crushing strength, 366 
delleetion, 365 36S 
demsity, 3t>5 
dislj (mdd ) , 3»7<i 
elastieity, 357 

(‘xpnnsion and eontrnet ion, 33-1 o;;", 
failing weiglit ( iinjtnt't i, 352 
fusion, 325 33-1 
grain, neid test, 36)0 
hairiness, 357 
impaet, 351 354 
UKM'hanieal properties, 351 36*^ 
inobilouH'ter, 265 26)S 
on enaimds, 325 372 
opaeit \% 34 1 344 
peinlulum (impaet) 352 354 
physieal propm'lies, 351 36s 
(immehtng, 33s, 330 
rate of set, 2660 
smelting eontrol, 221 
soil resist ane<\ 371 
tensil Htrtmgth, 36»1 363 
thermal eomluet ivity, 330, IMSS 
lluM’mal expansion, 335 33l!i 
thermal slmek, 33 s, 33o 
water, hot, 376 
weigiit per unit area, 26 t.H 
Tlu'ory of ndlnu'euee, I6t> biH 
Theory of drying, 283 285 
Thermal eomhtet ivity, 4(b 330 3111 
method for enleulution, 4fl 
metlmd for detenuimttiow, 33**1 ii|i 
of gluHseH, 339 
Tliernml expansion and 
338 

effect of borux, 41 
effect of fiuorides, 42 
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determination, 335-338 
factors, 40 

method of calculating, 3S, 42 
sheet iron ground coats, 39 
sheet iron cover enarhels, 42 
typical enamel curves, 44 
Thermal properties, 325-341 
Thermal shock test, 338 
Time of set, control of, 270 
Time-temperature diagrams, 25 
Tin oxide 

amounts used in enamels, 15 
equivalent weight, 392 
factor and formula, 131 
impurities, 15 
in colors, 252 
index of refraction, 48 
in dry process cast iron enamels, 196, 
199 

in jewelry and copper enamels, 202, 
203 

in sheet iron enamels, 180, 185, 177, 
250 

in vcet process east iron enamels, 191 
nature in opaque enamels, 50 
mill addition, 250 
properties, 13 
Tint, 53,54 
Titanium oxide 

amounts used in enamels, 15 
equivalent weight, 392 
factor and formula, 131 
impurities, 15 

in acid resisting enamels, 183 
index of refraction, 48 
in dry process east iron enamels, 196, 
199 

in sheet iron ground coats, 175 
in white ground coats, 177 
properties, 13 
Thread test, smelting, 221 
Tooling for furnace, 322 
Tool marks, 377 

Total carbon in cast iron, 62, 63, 65 

Total retained, 130, 131 

Trial burn test, 334 

Tridymite, 19, 20 

Tumbling, 70 

Tunned furnaces, 314-315 

Two component systems, 25 

Tyler standard sieve series, 385 

Ultraviolet light, 350 

U. S. Standard sieve series, 384 

TJ-type furnace, 315-324 

Vanadium in cast iron, 64 
Vaporization in enamels, 18 
Vapor pressure, 17 
Ventilation 

blasting, 116, 120 


brushing, 287 
spray booths, 279, 280 
smelting, 226 
Vertical furnace, 316, 317 
Vibrators, dusting, 280 
Vitreous enamels v 
Vitreous silica, 19, 20 
Visible spectrum, 52 
Volume conversion, 386 

Warping, 379 
Water drop test, 338 
Water, effect on properties of slips, 262, 
270 

Water, milling, 248 

Water vapor, furnace atmosphere, 301 

Wavy surface, 379 

Weathering, 371 

Weatherometer, 371 

Weight conversion, 386 

Weighing, batch, 207 

Weight of set test, 268 

Weight of stock for different gauges, 73 

Welding, 74 

Wet process east iron enamels, 188-191 
application, 282 
classification of, 163 
compositions, 190 
firing, 188, 295, 299-300 
flow sheet for application, 272 
high-lead, 189, 190 
leadless, 189-191 
low-lead, 189, 190 
White cover enamels 

dry process cast iron, 194-201 
sheet iron, 178-185 
wet process cast iron, 188-191 
White ground coats 
advantages, 175-176 
compositions, 177 
White lead 

amounts used, 15, 202 
factor and formula, 131 
impurities, 15 
in colors, 252 

in jewelry and copper enamels, 202 
microscopic examination, 348 
properties, 13 
Whiting 

amounts used in enamels, 15 
factor and formula, 131 
impurities, 15 

in dry process cast ii-on enamels, 196, 
198 

in jewelry and copper enamels, 202 
in sheet iron cover enamels, 180, 182 
in wet process cast iron enamels, 190 
properties, 13 
Wood graining, 291 
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X-rays 

methods, 351 
opacity study, 48, 51 


Yield value 
control of, 270 
of slips, 261-268 

Young’s modulus, method of ealciihit- 
ing, 45 

Zinc oxide 

amounts used in enamels, lo 
elasticity, effect on, 359 
equivalent weight, 392 
factor and formula, 131 
impurities, 15 

in colors, 252 ^ mr 

in dry process cast iron enamels, I.n). 

196 

in sheet iron enamels, 180, ISt* 
in wet process cast iron onamels, 19( 
microscopic examination, 348 
properties, 13 


Zim* Dxidf silifu svstmn, 

Zim* si)in(‘l, index of refraction, 48 
Zinc, steneils, 2St‘>-2S7 
Zine sulphide, index of rtd'raetion, 4.8 
Zireoniinn oxitle 

amounts used in (‘iianuds, 15, 175, 177, 
1S5, 1S9 191, 

(‘(luivalent weight, 3i>2 
factor anti formula, 131 
iiulcx of rtd’raclion, 4S 
impurities, 15 
ill mill additions, 250 
in slietd. irttn covtn* enamels, 177, ls5, 
25(1 

in slu'et iron groiiml coats, 175 
in slu'ot iron whitt‘ grouml coats, 177 
in wtd. process taist iron enaimds, ISO- 

191 

propmdios, 13 
Zireonium silieale 

hi drv ]>rocess east iron ground coats,, 

192 

in sheet iron ground coats, 175 
Zirconia soilium silicate system, 32 




